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EXECUTIVE  SUMMARY 


This  technical  report  provides  a  comprehensive  ovenriew  of  the  normal 
physiological  responses  to  environmental  and  exercise-related  heat  stress,  with 
emphasis  placed  on  acute  heat  exposure  and  accflmation  produced  by  repeated  heat 
exposure.  Environmental  heat  stress  increases  the  requirements  for  sweating  and 
drcuiatory  responses  to  dissipate  body  heat;  an  environmertt  that  is  warmer  than  the 
also  causes  the  body  to  gain  heat  from  the  enviroitment  and  thus  increases  the 
amount  of  heat  that  the  body  must  dissipate.  In  addition,  muscular  exercise  increases 
metabolic  rate,  and  thus  also  increases  the  rate  at  which  heat  must  be  dissipated  to 
the  environment  to  keep  core  temperature  from  rising  to  dangerous  levels. 
Environmental  heat  stress  and  muscular  exercise  therefore  interact  synergistically.  and 
may  push  physiological  systems  to  their  limits.  To  regulate  body  temperature,  heat 
gain  and  loss  are  controlled  by  the  autortomic  nervous  system  through  adjustment  of: 
a)  heat  flow  from  the  core  to  the  skin  via  the  blood;  and  b)  sweating.  The 
hypothalamic  thermoregulatory  center  receives  information  from  thermoreceptors  in 
the  skin  and  body  core,  and  processes  this  information  via  a  propo.'tional  control 
system  to  generate  a  signal  for  heat  loss,  by  the  thermoregulatory  effector  responses 
of  sweating  and  skin  blood  flow.  Repeated  heat  exposures  that  are  suffitient  to  raise 
core  temperature,  result  in  adaptations  which  reduce  the  physiological  strain  produced 
by  such  exposure.  The  prvnary  biomedical  factors  influencing  effectiveness  of  the 
thermoregulatory  system  in  defending  body  temperature  are  the  incfividuars 
acclimation  state,  aerobic  fitness,  hydration  level,  sleep  status,  circadian  timing,  health 
and  medication.  In  adcStion,  such  factors  as  gender,  race,  age,  and  certain  medical 
disorders— including  skin  disease  and  spinal  cord  fetjury— affect  thermoregulatory 
responses. 
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INTRODUCTION 


Environmental  tieat  stress  increases  the  requirements  for  sweating  and 
tirculatory  responses  to  cfiss^te  body  heat;  when  the  environment  is  warmer  than 
^e  skin,  it  also  causes  the  body  to  gaki  heat  from  the  environment,  and  thus 
increases  the  amount  of  heat  that  the  body  must  diss^te.  In  additijn,  muscular 
exercisa  increases  metabolic  rate  above  resting  levels,  and  thus  also  increases  the 
rate  at  which  heat  must  be  diss^ted  to  the  environment  to  keep  core  temperature 
from  risHig  to  dangerous  levels.  Environmental  heat  stress  and  muscular  exercise 
therefore  interact  synergistically,  and  may  push  physiologicat  systems  to  their  fimits. 
This  technical  report  prorhdes  an  overview  of  the  normal  physiological  responses  to 
enwronmental  and  exercise-related  heat  stress,  with  emphasis  placed  on  acute  heat 
exposure  and  acclimation  produced  by  repeated  exposure  to  heat  stress.  More 
complete  reviev»  of  some  material  covered  in  this  technical  report  can  be  found  in 
other  recent  revievrs  (4,123,168,195,197,198,219,240.254). 

HEAT  STRESS 

Humans  are  tropical  ananals.  and  it  is  primarily  through  cultural  and  behavioral 
means  that  they  have  adapted  to  He  in  temperate  and  cold  envrironments 
(60,123,137).  This  generalization  is  based  on  the  following  evide(x»:  (a)  humans  rely 
primarily  on  physio'iogical  thermoregulation  kt  the  heat,  but  primarily  on  behavioral 
thermoregulation  in  the  cold;  (b)  the  thermcneutral  ambient  temperature  for  nude 
humans  and  the  temperature  necessary  for  undisturbed  sleep  are  relatively  high 
(«27°C);  and  (c)  humans  demonstrate  substantial  heat  acclimatization,  but  only 
modest  cold  accTimatization. 

Hot  ciknates  are  present  over  large  areas  of  the  earth  and  are  tolerated  well  by 
humans.  Hgure  1  is  a  global  map  of  Wet  Bulb  Globe  Temperature  (WBGT)'  during 
July,  the  hottest  mcnth  in  the  northern  hemisphere  (4) .  During  July  much  of  North 
America,  South  America,  Europe  and  Asia  have  WBGT  values  above  29°C  (85‘'F). 


'  WBGT  is  a  computed  index  of  environmental  beat  stress.  Outdoors  WBGT = 0.7  wet  bulb 
+  0.2  black  globe  +  0.1  dry  bulb;  iudoors  WBGT  =  0.7  wet  bulb  +  0.3  black  globe 
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Depending  on  the  clnnate,  sudi  high  W6GT  values  can  be  achieved  either  through 
high  humidity,  as  reflected  in  high  A'et  bulb  temperature,  or  through  high  air  (dry  bulb) 
temperature  and  solar  load,  as  reflected  in  black  globe  temperature. 

(INSERT  RGURE  1  HERE) 

Given  access  to  shade  and  adequate  water,  healthy  persorrs  can  tolerate 
extended  exposure  to  virtually  any  dimatic  heat  stress.  By  contrast,  many 
occupational  situations  involve  heat-stress  conditions  so  severe  they  cannot  be 
tolerated  for  extended  periods.  Such  conditions  typically  involve  WBGT  values  above 
35°C  (115,136)  and  are  encountered  in  deep  mining,  boiler  room  work  and  fire 
fighting,  as  well  as  when  wearing  protective  clothing  in  hot  environments.  The  safety 
of  persons  working  in  these  conditions  depends  on  either  obsenring  strid  limits  on 
exposure  time  (154).  or  the  use  of  microdonate  cooling  (215). 

THERMOREGULATORY  CONTROL 

In  contrast  to  the  broad  temperature  range  in  places  of  human  habitation, 
human  body  temperature  is  usually  regulated  wHh'm  a  narro>v  range  (35^  to  41  °C). 

This  is  accomplished  through  two  parallel  processes;  behaviora!  temperature 
regulation  and  phys'nlogicat  temperature  regulation.  Behaworal  teinoerature  regulation 
operates  largely  through  conscious  behavior,  and  may  employ  any  means  available. 
Physiological  temperature  regulation  operates  through  responses  that  do  not  depend 
on  conscious  voluntary  behavior,  and  indudes  control  of:  (s)  rate  of  metaboric  heat 
produd'ion,  (b)  heat  flow  via  the  blood  from  the  core  to  the  sidn,  and  (c)  sweating. 

Physiological  control  systems  can  produce  graded  responses  according  to  the 
disturbance  in  the  regulated  variable,  in  this  case  core  temperature.  Usually,  the 
magnitudes  of  changes  in  responses  (e.g.,  sweatkig,  skin  blood  flow)  are 
approximateiy  proportional  to  displacement  of  the  regulated  variable  from  some  basal 
value,  and  such  control  systems  ate  called  ’proportional-control  systems*.  For 
convenience  body  thermal  receptors  can  be  grouped  into  those  kwated  in  core  and 
tnose  in  skin,  but  it  should  be  remembered  that  neither  the  core  nor  the  skin  has  a 
uniform  temperature  The  thermal  receptors  in  the  core  are  unevenly  distributed,  and 
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have  been  shewn  in  laboratory  mammals  to  be  concentrated  especially  in  the 
hypothalamus,  where  much  of  the  integration  also  occurs.  Temperature  changes  c< 
only  a  few  tenths  of  I'C  in  the  anterior  precptic  area  of  the  hypothalamus  elicit 
substantial  changes  hi  the  thermoregulatory  effector  responses  (21).  Outside  the 
hypothalamus,  core  sites  that  may  have  thermal  receptors  include  the  heart,  major 
blood  vessels,  and  spinal  cord  (20,48,231).  Figure  2  shows  how  reflex  control  of 
three  heat-dissipating  responses— sweating,  skin  blood  flow,  and  forearm  venous 
volume— depends  on  body  core  temperature  (represented  by  esophageal  temperature) 
and  mean  skin  temperature  (189,241,243).  At  any  given  skin  temperature,  each 
response  is  approximately  proportional  to  esophageal  temperature;  and  increasing  the 
skin  tempemture  towers  the  threshold  level  of  esophageal  temperature  for  the 
response,  thus  increasing  the  response  at  any  given  core  temperature. 

(INSERT  FIGURE  2  HERE] 

The  most  accurate  mathematical  representation  of  reflex  control  of 
thermoregulatory  effector  responses  is  probably  a  complicated  function  of  different 
tissue  temperatures  with  some  non-linear  elements;  however,  H  is  convenient  to 
represent  the  control  in  terms  of  a  linear  combination  of  core  temperature  (TJ  and 
mean  skin  temperature  (Tj,  and  to  represent  the  control  of  each  thermoregulatory 
effector  response  by  an  equation  like  the  following: 

R-R,  =  a,T^  +  aj.T^  +  b 

where  R  is  a  thermoregulatory  response; 

R,  is  a  basal  value  of  R; 
and  a,,  a^,  and  b  are  constants. 

In  terms  of  Figure  2,  a,  is  the  slope  of  a  particular  R:Tc  relation  and  aj  >s  the  affect  of 
a  unit  change  bi  on  the  R:T,  relation.  The  ratio  a,;^  is  about  9:1  for  the  heat- 
dissipating  responses  of  sweating  (130),  'active*  vasodilation  (see  below)  as 
represented  by  forearm  blood  flow  (243),  and  vasodilation  ifitough  release  of 
vasoconstriction  as  represented  by  finger  blood  flow  (242).  For  control  of  forearm 
venous  volume,  reported  values  of  the  ratio  are  substantially  smaller  than  9:1 
(241),  but  tile  physiolo^cal  significance  of  tiiis  difference  is  not  clear. 
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The  coefficients  a,  and  aj  represent  the  sensitivity  of  R  to  change  in  and 
respectively,  and  the  ratio  of  9:1  means  that  a  change  of  I’C  in  core  temperature 
eOcHs  about  nine  times  as  gmat  a  change  in  thermoregulatory  re^xmse  as  does  a 
1°C  change  in  mean  skin  temperature.  However,  since  skin  temperature  generally 
varies  over  a  wider  range  than  does  core  temperature,  the  importance  of  skin 
temperature  in  thermoregulatory  control  is  greater  than  what  the  9:1  ratio  m^ 
suggest  The  responsiveness  of  the  diermoregulatory  system  to  core  temperature 
changes  is  necessary  if  the  thermoregulatory  system  is  to  keep  core  temperature 
relatively  constant,  and  the  system's  sensffivity  to  mean  skin  temperature  allows  the 
system  to  respond  appropriately  to  large  changes  in  environmental  temperahire  while 
permitting  little  change  in  body  core  temperature. 

The  function  of  the  human  thermoregulatory  system  is  showrv  schematicaKy  in 
Figure  3  (198).  This  scheme  presumes  that  there  are  ihermat  receptors  in  the  core 
and  skin  that  se'-d  ktformation  rdiout  their  temperatures  to  some  central  integictor, 
which  generates  a  *th£rmal  command  signal*  that  participates  in  the  control  of 
sweating,  vasodilation,  and  vasoconstriction.  The  notion  of  such  a  thennat  commarxt 
signal  is  supported,  first,  by  observations  that  for  the  thermoregulato.7  control  of  any 
one  of  the  heat-diss^ting  responses,  the  ratio  of  the  contributions  0!  core  and  skin 
temperature  inputs  is  the  same  as  for  the  others;  secondly,  by  observations  that 
thresholds  for  different  thermoregulatory  responses  are  shitted  simultaneously,  and  to 
a  simitar  degree,  by  factors  such  as  drcadian  rhythms,  fever,  phase  of  the  menstrual 
cycle,  and  heat  acclimation  (77).  ft  is  useful  to  think  of  such  sonilar  and  simultaneous 
shifts  in  tliresholds  for  a  number  of  different  thermoregulatory  responses  as 
representing  (or  as  bemg  tha  result  of)  a  shift  fri  thermoregulatory  'set  po'mr.  The 
notion,  of  such  a  ihermore^latory  set  po'mt  is  made  more  intuitively  comprehensa>fe 
by  the  fact  that  changes  in  set  point  are  reflected  in  sirniians'ize  changes  in  core 
temperature  at  rest 


PNSEFIT  FIGURE  3  HERE) 

Since  skin  temperature  generally  is  not  unifonn,  the  contrihutton  of  skin 
temperature  to  thermoregulatory  controt  is  usual-V  expressed  in  terms  of  an 
appropriately  weighted  mean  skin  temperature.  Neurophysioiogical  studies  three 
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types  of  thermal  receptors  In  skin  (82.9C).  orte  type  responding  to  heating  a 
transient  burst  of  activity  and  an  increase  of  static  activity;  one  type  responrSng  to 
cooling  with  a  transient  burst  of  activity  and  an  increase  of  static  activity,  and  one  type 
responding  to  several  stimuFi,  including  warming,  with  a  continuous  discha^.  The 
transient  discharges  that  occur  at  the  beginn'ng  of  heating  or  cooFmg  give  the  central 
integrator  information  about  changes  in  slot  temperature  as  they  are  occurring,  and 
this  feature  may  account  for  the  sensitivity  of  sweating  not  only  to  skin  temperature, 
but  also  to  the  rata  at  which  skin  temperature  is  changing  (131) 

CORETB/tPERATURE 

Measurement  of  Core  Temoerature 

Fundamental  to  the  experimentat  study  cf  human  temperature  regulation  is  the 
measurement  of  body  core  temperature.  Core  temperature  is  measured  either  to 
estimate  average  internal  temperature  to  compute  changes  n  heat  storage  in  the  core, 
or  to  provide  an  estimate  of  the  core  temperature  input  to  thermoregubtory  control 
There  is  iK>  one  *true*  core  temperature  because  of  temperature  cfifference  among 
different  sites  in  the  core.  However,  temperatures  at  an  core  sites  are  close  to  (within 
abou*  1°C)  central  blood  temperature  at  thermal  steady  state.  An  ideal  site  to 
measure  core  temperature  should  be  convenient  and  unbiased  by  environmerTtat 
conditions,  and  should  rapidly  and  quantitatively  reflect  small  changes  in  centra! 
arterial  blood  temperature.  Core  temperature  is  often  measured  at  ihe  esof^agus, 
rectum,  mouth,  tympanum,  and  auditory  meatus. 

Esophageal  temperature  is  rained  sensor  passed  through  the  nose 
and  throat  into  the  esophagus  to  the  level  of  the  left  atrium,  where  the  heart  and 
esotmagus  are  in  contact  and  viitualiy  isothermal  for  several  cetTtimetors  (22). 
Esophageal  temperature  responds  rapidly  (time  constant  >  1  mh;  and  quantitatively  to 
chariges  in  centra!  blood  temperature  (41,158,206),  and  most  thermal  physiologists 
consider  esophageal  temperature  to  be  dre  best  ncn>invasive  index  of  core 
temperature  for  humans.  Rectal  temperature  Is  measured  from  5  to  20  centimeters 
past  the  anal  sphincter,  since  temperature  is  relatively  uniform  in  that  region 
(16,101 ,139).  Rectal  temperature  typically  is  higher  than  temperatures  at  other  core 
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sites,  and  responds  more  slowly  (time  constant  •  12  m'n)  to  rapid  transients  in  core 
temperature,  e.g.,  during  exercise  (7,158.176,177),  probably  because  of  a 
companttiveiy  low  rate  of  blood  flow  (78,127).  However,  steady-state  rectal 
temperature  is  a  good  index  to  assess  body  core  heat  storage  (177,225).  Oral 
(sublinguaO  temperature  is  widely  used  dinicaily,  but  less  commoniV  in  physiolo^cal 
research  (222).  The  tongue’s  high  blood  flow  per  gram  of  tissue  (85)  malces  it  an 
effecthre  heat  exchanger  with  central  blood.  However,  oral  temperature  is  sometimes 
biased  by  head  and  face  skin  temperatures  (126),  and  may  be  artHiciatly  lowered  by 
evaporation  if  the  subject  breathes  thro<igh  dre  mouth. 

Tympanic  temperature  is  obtained  with  a  sensor  resting  against  the  tympanic 
membrane.  Some  subjects  find  the  sensor,  when  properly  placed,  to  be 
uncomfortable  (22),  and  occasionally,  the  sensor  may  perkxate  the  tympanic 
membrane  (226^235).  Because  of  these  problems,  some  investigators  have  instead 
chosen  to  measure  the  temperature  of  the  external  auditory  meatus.  Placement  of  the 
sensor  is  important  smce  there  s  a  substantial  (-0.5°C)  tetcperature  ^dient  along 
the  wall  cf  the  meatus  (40).  To  avoid  the  rSrect  influetKe  of  airdiient  air  temoerature 
on  the  sensor,  the  meatus  should  be  plugged  or  covered  when  obtaining  either 
tympanic  or  auditory  meatus  temperatures.  Tympanic  a.nd  auditory  meatus 
temperatures  respond  to  core  temperature  transients  more  rapidly  that;  recta! 
temperature  (time  constant  for  tympanic  temperature  >  4  min),  though  not  so  rapidly 
as  esophageal  temperature  (158).  A  major  attraction  of  tympanic  temperature  has 
been  d<e  notion  that,  because  of  the  proximity  of  the  external  auditory  meatus  to  the 
cranium,  tympanic  temperature  is  uniqueiy  stated  to  serve  as  a  non'nvasive  measure 
of  intracranial  tempemture  (17). 

The  importance  of  this  supposed  advarrtagc  for  tympanic  temperature  is 
increased,  in  the  view  of  some  invest^tors,  in  Hght  of  the  notion  that  the  brains  of 
hyperthermic  humans  are  selectively  cooled,  as  blood  enroute  to  the  brain  is  cooled  si 
the  head  and  neck  by  hsat  exchange  with  coot  venous  blood  (29).  If  this  latter  notnn 
is  correct,  ttren  the  brains  of  hyperthermic  humans  must  be  cooler  than  the  arterial 
blood  in  the  trunk,  so  that  measurements  of  tnmk  cote  tentperature,  su(^  as  rectal  or 
esophageal  temperature,  are  not  valid  indices  of  brain  temperature  under  such 
conditior».  It  is  proposed  that  tympattic  temperature  reflects  brain  temperature  rather 
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than  trunk  core  temperature,  and  therefore,  under  these  conditions,  is  superior  to 
rectal  or  esophageal  temperature  as  an  index  of  braki  temperature  (see  Reference 
#28,  for  a  dLcussion).  Evidence  cited  in  support  of  the  concept  of  selective  'orah 
coormg  in  hyperthermic  humans  consists  of  measurements  of  tympanic  temperature 
that  are  lower  than  measurements  of  trunk  core  temperature  taken  at  the  same  time. 
Sudi  an  interpretation  depends  critically  on  the  assumption  that  when  tympanic 
te.mperature  cEffers  from  trur^k  core  temperature  in  appronmatety  steady-state  thermal 
conditioits^,  tympanic  temperature  is  reliably  the  better  index  of  brain  temperature. 

The  truth  of  this  assumption  has  never  been  established,  in  feet,  eSrect  measuremeiTt 
in  one  surgical  patient  indicates  that  esophageal  temperature  reflects  brain 
temperature  considerably  better  than  does  tympanic  temperature  (209).  In  addition, 
tympanic  and  auditory  meatus  temperatures  may,  depending  on  environmental 
conditions,  be  either  lower  or  higher  than  simultaneously  measured  steady-state  rectal 
(80,132)  and  esophageal  (124,125,126)  temperat  "es.  This  is  because  local  heating 
cr  cooling  of  the  head  surface  affects  the  temperature  of  the  tympanic  membrane  (98) 
and  external  meatus  (124,125,136).  Brengebnann  (22)  provides  a  critical  review  of 
tympanic  temper^ure  as  a  measure  of  brain  and  core  temperature. 

Core  Temoerature  Rcsoorses  to  Exercise 

Ou^  exercise,  the  rate  of  heat  production  increases  above  its  level  at  rest 
because  of  heat  produced  as  a  by^Kodut^  of  skeletal  muscle  contraction.  The 
increase  in  heat  producUon  occurs  almost  immediately  at  the  onset  of  exerdse,  so  that 
during  the  early  stages  of  exercise,  rate  of  heat  production  exceeds  rate  of  heat 
diss^tion.  &nd  the  difference  is  stored  as  heat,  piimanly  in  the  core,  sausirtg  core 
temperature  to  rise.  As  core  temperature  rises,  heat-rfissipating  reflexes  are  eficited; 
as  the  rafe  of  heat  dissipation  Increases,  the  rate  of  heat  storage  decreases  and  core 
temperature  ri^  more  slowly.  Fnally,  as  exercise  continues,  heat  cEssipation 


*Th£  condition  of  thsmal  steady  stau:  is  ioclsded  here  to  avoid  anilacts  due  to  differences 
amons  rites  in  the  ^wed  sriib  wMd)  their  tanperatums  reqxxMf  to  rapid  chanjes  in  central  blood 
tcn!perat!.>'e. 
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increases  suffidentiy  to  balance  heat  production,  and  essentially  steady-state  values 
are  achieved  (198).^ 

During  exercise,  the  magnitude  of  core  temperature  elevation  at  steady  state  is 
largely  ind^>endent  of  the  environmental  condition  over  a  wide  range,  and  is 
proportional  to  tt»  metabolic  rate  (221),  as  first  reported  by  Nielsen  (141).  Nielsen’s 
sul^ects  exerdsed  at  oxygen  uptalres  up  to  3.0  L-mfa^'*  in  ambient  temperatures 
between  5°  and  36°C.  ngure  4  presents  heat-exchange  data  for  one  subject  during 
an  hour  of  cycle  exerdse  at  a  metaboGc  rate  of  apprcodmately  650  watts  in  each 
ambient  temperature.  The  rfifference  between  metabolic  rate  and  total  heat  loss 
represents  the  energy  used  for  mechanisaf  work  and  the  heat  storage.  Note  that  total 
heat  loss,  and  therefore  heat  storage  and  elevation  of  core  temperature,  were 
essentially  the  same  in  aB  environmertts.  The  relative  contrtiutioi'ts  of  dry  heat 
exchange  (i  e..  by  convection  and  radiation)  and  evacotative  neat  exchanj^  to  the 
total  heat  loss,  however,  rmried  virith  the  environmental  conditions.  At  10°C  tire  large 
skin-to-ambient  temperature  gradient  fadStated  dry  heat  exchange,  which  accounted 
for  >70%  of  the  total  heat  loss.  As  the  ambient  temperature  increased,  the  gradent 
for  dry  heat  exchange  diminished  arxl  there  vras  a  greater  reliance  upon  evaporative 
heat  exchange. 


(INSERT  R6UBE  4  HERE) 

Nieisen's  foKfing  that  the  steady-state  level  of  core  temperature  is  independent 
of  the  enwonmental  conditions,  corifficts  the  personal  experience  of  most 
athletes.  For  example,  a  runner  win  experience  greater  hyperthermia  competing  in  a 
35°C  than  in  a  20°C  environment  Lind  (116)  showed  that  core  temperature  elevation 
during  ererdse  is  independent  of  the  environment  only  within  a  range  of  corxlitions  or 


’Readiins  socb  *  steady  stale  depends  <«  two  ccnditxms,  first  ibai  it  is  pos^le  to  acbieve 
snflident  bc^a  disapation  to  lestore  beat  balance  in  the  pven  environmemal  conditions;  and 
second,  that  tbe  control  characteristics  of  the  beat-dissipatine  responses  to  cote  and  skin 
temperatures  do  not  diante  with  time.  Under  some  drcnm  stances,  bowever.  tbe  second  condition 
is  not  met  and  erne  temperatoie  cootinocs  to  rise  throosbont  exeidse,  tbootb  mote  slowly  than 
daring  earlier  stages.  Ibis  may  occur  as  a  result  of  changes  in  fluid  and  elecudyte  balance, 
hidromdoas,  or  other  factors. 
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a  ‘prescript'ive  zone*.  Figure  5  presents  steady-state  core  temoerature  responses 
dur^  exercise  performed  at  three  metabolic  intensities  in  a  broad  range  of 
environmental  con<£tions.  Environmental  conditions  are  represented  by  the  ‘okf 
effective  temperature,  an  index  that  combines  the  effects  of  air  temperature,  humidity 
and  air  mot'on.  Note  that  the  greater  the  metabolic  rate  during  exerdse,  the  lower  is 
tile  t9per  finit  of  the  prescriptive  zone. 

PNSERT  RGURE  5  HERE] 

Within  the  prescriptive  zone,  the  proportional  relationsh^  between  metabofic 
rate  and  steady-state  core  temperature  elevation  holds  for  a  given  individual,  but  does 
not,  in  general,  hold  welt  for  comparisons  between  efifferent  krdividuals.  Astrand  (5) 
first  repotted  that  use  of  relative  exerdse  intertsity,  expr^sed  as  a  percent  of  maxknat 
oxygen  uptake  C^o,max),  rather  than  actual  metabolic  rate  (absolute  ^itensHy), 
removes  most  of  the  inter-subject  variai^ity  in  the  relation  of  cote  temperature 
elevation  to  exercise  intensity.  Davies  and  his  colleagues  (‘43,45)  explofed  this 
relationship  further,  in  laboratory  and  field  studies.  Their  subjects  exercised  at 
intensities  between  20%  and  90%  of  their  S/ojmsx,  at  diy-bub  temperatures  ranging 
from  S®  to  25°C,  with  rdathre  humkfily  •<50%.  Rgtva  6  is  redrawn  from  their  data.  In 
Rgure  Sa.  note  the  curvilinear  relationsh'^  between  steady-state  core  temperature 
and  relative  intensity  (45).  Rgure  6b  presents  two  subjects'  steady-state  core 
temperature  values  during  exercise,  at  65%  and  85%  Vo^ax,  in  relaticn  to  the 
ambient  dry-bub  temperature  (43).  Cere  temperature  was  independent  of  dry-bub 
temperature  from  5  to  20®C  at  65%  Vo^/nax;  but  at  85%  Vo/nax,  core  temperature 
was  influenced  by  dry-bub  temperature  over  the  entire  range  of  diy-bub  temperature. 

(INSERT  RGURE  6  HERq 

Since  core  temperature  (Granges  are  related  to  the  relative  exercise  btensity,  it 
would  seem  lo^cal  to  expect  tiiat  any  corrdition  that  lowers  mardma!  oxygen  uptake 
(and  thus  increases  relative  intensity)  would  also  eik^  a  greater  core  temperature 
re^xmse  at  a  given  absolute  (thus  hi^er  relative)  btensity.  Evidence  from  several 
studies,  in  which  subjects*  'io/nax  was  reduced  with  simulated  h^  altitude  in 
hypobaric  chambers  (81.110)  or  induced  carborryhemogk^rinemia  (138),  suggests  that 
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this  is,  in  fact  the  case.  However,  contrary  resats  have  also  been  reported  (172). 
Interpretation  of  such  data  is  compKcated  by  the  fact  that  some  experimental 
conditions  decreased  core  temperature  at  rest,  so  that  exercise  would  need  to  cause  a 
greater  net  increase  in  core  temperature  to  produce  the  same  steady-state  core- 
temperature  level  Conversely,  data  from  two  studies  in  which  autologous  erythrocyte 
infuaon  was  used  to  increase  sut^s'  ^p,max  suggest  that  conditions  which  increase 
Vrvnax  (thus  lowermg  relative  intensity)  may  lower  the  core  temperature  eOdted  by 
exercise  at  a  given  metaboTic  rate  (187,132). 

METABOUSM 

Metabolic  Rate 

Most  investigators  find  that  Vo/nax  is  lower  in  hot  than  in  temperate 
er.'.’ironments  (107,171,175,205).  For  example.  Sfojrmx  was  0.25  L  min  '  lower  at 
43°C  than  at  21‘C  in  one  study  (199),  and  the  state  of  heat  accHmation  in  this  study 
did  not  alter  the  size  of  the  decremertt  in  tifp^ax.  However,  some  investigators  report 
no  effect  of  ambient  temperature  on  Vo/nax  (169,245). 

What  physiological  mechanisms  might  be  respons^le  for  such  a  reduction  in 
Vo^ax?  Thermal  stress,  by  dilating  the  cutaneous  vascular  beds,  might  diveit  some 
of  the  cardiac  output  from  skeletal  muscle  to  skin,  thus  leaving  less  blood  flow  to 
support  the  metabolism  of  exerdsing  skeietal  muscle.  In  addition,  dilation  of  the 
cutaneous  vascular  bed  may  increase  cutaneous  blood  volume  at  the  expense  of 
centra!  blood  volume,  thus  reducing  venous  return  and  cardiac  output  For  example, 
Rowell  et  al  (174)  repotted  that  during  intettse  (>73%  exercise  in  the  heat 
cardiac  output  can  be  reduced  by  1.2  L  min'’  below  control  levels.  Such  a  reduction  in 
cardiac  output  durir^  heat  exposure  could  account  for  a  0.25  L-mh  ’  decrement  in 
Vo^ax,  assuming  eadi  liter  of  blood  delivers  >0.2  L  of  oxygen  (1.34  ml  O^-gHb  ’  x  15 
gHb-100  mr’  of  blocd). 

Acute  heat  stress  increases  resting  metaboTic  rats  (^39,46),  but  the  effect  of 
heat  stress  on  an  ktdividuars  metabolic  rate  for  performing  a  given  submardmal 
exercise  task  is  not  so  dear.  Many  investigators  report  that  to  perform  a  given 
submarnnal  exerdse  task,  the  metaboTic  rate  is  greater  'n  a  hot  titan  a  temperate 
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environment  (38,39,46,58).  Some  investigators,  however,  report  tower  metabolic  rates 
in  the  heat  (24,157,245,255).  The  state  of  heat  accTimation  does  not  account  for 
whether  individuals  denronstrate  an  increased  or  ciecreased  metabolic  rate  during 
submaidmal  exercise  hi  the  heat  However,  ottier  mechanisms  may  expiain  this 
discrepancy.  Most  investigators  have  only  calculated  the  aerobic  metabolic  rate 
during  submaximal  exercise  ignoring  the  contrSiution  of  anaerobic  metaboTism  to  total 
metabonc  rate. 

Dimri  et  al.  (46)  attempted  to  account  for  both  aerobic  and  anaerobic 
metabolism  in  a  study  in  which  six  subjects  performed  six-min  exercise  bouts  at  three 
intensities  ^  each  of  three  environments.  Figure  7  presents  their  subjects*  total 
metabofic  rate  (bottom)  and  the  percentage  of  this  metabonc  rate  which  was 
ccntnbuted  by  aerobic  and  anaerobic  metaboTic  pathways.  The  anaerobic  metabolism 
was  calculated  from  the  post-exercise  oxygen  uptake  that  was  in  excess  of  resting 
baseline  levels.  The  aerobic  metaboPc  rate  at  a  given  power  output  decreased  with 
increasing  ambient  temperature.  However.  c:Jjulated  anaerobic  metabolic  rate 
increased  more  than  aerobic  metabofic  rate  decreased,  and  they  concluded  that  the 
total  metaboFic  rate  required  to  perform  exercise  at  a  given  power  output  increases 
with  h'^r  ambient  temperature.  Their  calculations  of  anaerobic  metabolic  rate  may 
be  charenged,  and  it  is  rfifficutt  to  extrapolate  these  observations  to  predict  what 
would  occur  during  longer-term  exen^,  in  which  anaerobic  metaboFism  would 
presum.ibty  be  a  smaller  fraction  of  ths  iotaL  Nevertheless,  this  study  illustrates  the 
pitfalls  of  ignoring  anaerobic  metaboGsm  m  approaching  this  question. 

[INSERT  RGURE  7  HERE) 

Investigations  which  report  a  lower  metabofic  rate  during  exercise  in  the  heat 
also  report  increased  plasma  or  muscle  iacitate  levels  (157,245.255)  or  an  increased 
respiratory  exchange  ratio  (24),  ateo  suggesting  an  ncreased  anaerobic  metabciism. 
However,  any  inference  about  metabolic  events  within  the  skeletal  muscle  based  on 
changes  in  plasma  lactate  is  open  to  debate  (144).  Plasma  lactate  concentration 
reflects  the  balance  between  efflux  into  the  blood  and  removal  from  the  blood.  Rowell 
et  aL  (170)  have  shown  that  during  exerdse  in  the  heat,  the  splanchnic 
vasoconstriction  reduced  hepatic  removal  of  plasma  lactate.  Therefore,  the  greater 
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blood  lactate  accumute^lon  during  submaximal  exercise  in  the  heat  can  be  attributed, 
at  least  in  part,  to  a  redistribution  of  blood  flow  away  from  the  splanchnic  tissues. 

Skeletri  Muscle  Metabonem 

Several  investigations  examined  the  effects  of  environmental  heat  stress  on 
^(eletal  musde  metabolism  during  exerdse.  Fnk  et  aL  (58)  had  six  sut^ects  perform 
45  minutes  of  cycle  exercise  f70  to  85%  of  ^p,max)  in  a  cold  {9°C)  and  a  hot  (41‘t)) 
environment  They  found  greater  plasma  lactate  concentrations  and  increased  musde 
glycogen  utilization  during  exercise  in  the  heat  Also,  muscle  triglyceride  utilization 
was  reduced  during  exerdsa  in  the  heat  as  compared  to  the  cold.  In  addition,  serum 
glucose  concentration  increased,  and  serum  triglyceride  concentration  decreased 
during  exercise  in  the  heat  compared  to  the  opposite  respotrses  during  exercise  in  the 
cold.  During  exercise  in  the  heat  the  increased  misde  glycogen  utiSzation  v/as 
attrixited  to  an  increased  anaerobic  glycolysis  resulting  from  local  musde  hyporda, 
caused  by  a  reduced  musde  blood  flow.  Since  these  investigators  (58)  did  not 
perform  control  experiments  in  a  temperate  environment  the  differences  reported 
could  be  due  partially  to  the  effects  of  the  cold  exposure. 

Young  et  al,  (255)  had  13  subjects  perform  30  minutes  of  cycle  exercise  (70% 
of  Vo,max)  in  a  temperate  (20°C)  and  a  hot  (43°C)  environment  They  found  skeletal 
muscle  and  (^asma  lactate  concentrations  were  greater  during  exercise  in  the  heat 
but  there  was  no  difference  in  musde  glycogen  utifization  between  the  two 
experknerttal  conditions.  They  speculated  therefore  that  during  exercise  in  the  heat 
an  alternative  substrate  for  glycolysis,  such  as  blood  glucose,  might  have  been 
utiSzed.  Romll  et  at,  (170)  demonstrated  a  dramatic  increase  in  hepatic  glucose 
release  into  the  blood  during  exercise  in  a  hot  comt»red  to  a  temperate  environment 
Such  an  increased  release  of  hepatic  glucose  could  accoimt  for  the  elevated  serum 
glucose  concentration  reported  in  the  hot  environment  by  Fnk  et  at,  (58). 

Two  studies  (140,184)  have  measured  arterial  and  venous  lactate  concentration 
across  the  active  musculature  during  exerdse  in  the  heat  Savard  and  cdleagues 
(184)  had  subjects  wear  a  water-perfused  suk  under  a  water-impermeable  covered 
and  perform  cyde  exercise  (-25%  Veynax)  for  a  2S-min  control  period  with  no  water 
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circulating,  and  than  perfused  the  suit  with  >45°C  water  as  exercise  continued  for 
another  25  m'm.  They  found  heat  stress  did  not  alter  oxygen  uptake,  lactate 
concentrations  or  muscle  blood  flow.  Nielsen  et  al.  (140)  had  subjects  perform 
treacknill  exercise  (55-77%  Vo/nax).  During  the  initial  30  min  they  exercised  in  a 
temperate  (o20°C)  environment  and  then  exercised  in  a  hct  (40°C)  environment  for 
an  additionat  60  min  or  until  exhaustion.  They  found  that  heat  stress  inaeased 
oxygen  uptake,  but  did  not  alter  lactate  concentrations,  glycogen  utilization  rate,  or 
musde  blood  flow.  Generalizations  from  tttese  two  studies  are  limited,  since  neither 
compared  two  identicat  bouts  of  exercise  with  and  without  heat  strain. 

Heat  Acclimation 


The  oxygen  uptake  response  to  submaxsna!  exercise  appears  to  be  affected  by 
heat  acclimation  (196).  Most  reports  indcate  ox^en  uptake  and  aerobic  metabolic 
rate  during  submaximal  exercise  are  reduced  by  heat  acclimation 
(54,74,100,165,196,203,213,224),  although  a  si^Hicaivt  effect  is  not  always  observed 
(33,159,173,238,252).  Large  effects  (14-17%  reductions)  have  been  repotted  for  stair¬ 
stepping  (203,213,224),  but  some  of  the  reduction  in  oxygen  uptake  required  for  stair 
stepping  can  be  attributed  to  increased  skill  and  improved  efficiency  acquired  during 
the  acclimation  program.  By  contrast  other  studies  (54,74,100,165,196)  report 
accHmation-'mduced  reductions  in  the  oxygen  uptake  required  for  treadmQI  and  cyde- 
ergometer  exercise  that,  although  statistically  significant  were  much  smaller  than  the 
large  reductioits  reported  for  stair  stepping. 

Lactate  accumulation 'm  blood  and  muscle  during  submaximal  exercise  is 
generally  found  to  be  reduced  following  heat  acclimation.  King  ct  al.,  (104)  and 
Kiiwah  et  al.,  (106)  both  observed  that  heat  acdsnation  reduced  muscle  gtycogsn 
utilization  during  exercise  in  the  heat  by  40-50%  compared  to  before  acclknat'ion. 
Young  et  aL,  (255)  also  observed  a  statisticany  significant  glycogen-sparing  effect  due 
to  heat  acdimat'ion,  but  the  reduction  in  glycogen  utilization  was  small,  and  apparent 
only  during  exerdse  in  cool  conditions.  Glycogen  utiBzation  during  exerdse  kt  the 
heat  vras  negligbly  affected.  The  mechanism(s)  for  reduction  in  lactate  accumulation 
during  exercise  after  heat  accfimaticn  lemams  unidentified. 
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HEAT  LOSS  MECHAMSMS 


Evaporation 


When  ambient  temperature  increases,  there  is  a  greater  dependence  upon 
evaporative  heat  loss  to  defend  core  temperature  during  exercise  (Figure  4).  The 
sweat  glands  secrete  sweat  onto  the  skin  surface  which  cools  the  body  when  it 
evaporates.  When  a  gram  of  sweat  is  vaporized  at  30°C,  2.43  kilojoules  (kJ)  of  heat 
(the  kitent  heat  of  evaporation}  is  absorbed  in  the  process  (239).  The  rate  of 
evaporative  heat  loss  is  proportiona]  to  the  product  of  the  water  vapor  pressure 
gradient  between  the  sidn  and  environment  mult^ied  by  the  evaporative  heat  transfer 
coeffidertt  and  the  wetted  area  of  skin.  The  wider  the  gradient  the  greater  ttie  rate  of 
evaporation  for  a  given  evaporative  heat  transfer  coefficienL  The  evaporative  heat 
transfer  coefficient  incorporates  the  effects  of  such  factors  as  air  movement  and  the 
geometry  of  the  surface.  In  addition,  the  water-vapor  pemneabffity  of  any  dolhing  that 
is  worn  has  a  major  effect  on  the  rate  of  evaporation. 

Durkig  cycle  ergometer  exercise  a  fit  man  may  easily  sustain  a  metabolic  rate 
of  800  W  Cifq,  >2.3  L-min'*).  If  the  exercisa  performed  is  20%  effidont  then  the 
remaining  80%  of  the  metabolic  rate  is  converted  to  heat  in  the  body,  so  that  640  W 
(i.s.,  0.64  kJ-s'*  or  38.4  kJ  m'n'^)  needs  to  be  dissipated  to  avoid  body  heat  storage. 
The  specific  heat  of  body  tissue  is  >3.5  kJ  kg  ’-'TT’  so  that  a  70-kg  man  has  a  heat 
capacity  of  245  kJ-'C.  If  this  man  perfomned  exercise  in  an  environment  that 
enabled  only  dry4ieat  exchange,  and  he  did  not  sweaL  body  temperature  would 
increase  by  >t.0°C  every  6.4  min  (245  kJ'”C'’-»38.4  kJ-min'').  Since  the  latent  heat  rrf 
evaporation  for  sweat  is  2.43  kJ-g  ',  this  man  would  need  to  evaporate  >16  g  of  sweat 
per  min  (38.4  kJ-min'V2.43  kJ-g  ')  to  achieve  a  steady-state  body  temperature. 

Thermoregulatory  sweating  can  be(^  w^in  a  few  secotxis  to  minutes  aft^ 
start'mg  muscular  exercise  (190,233).  The  increase  in  thermoregulatory  sweafmg 
closely  parallels  the  increase  in  body  temperature  (79,133,176).  As  swNtiing  rats 
increases,  there  is  initia8y  a  recruitment  of  sweat  gianrfo  and  then  an  increased  sweat 
secretion  per  gland  (179).  Therefore,  the  sweat  secretion  for  a  given  region  of  sidn  is 
dependent  upon  both  the  density  of  sweat  glands  as  well  as  the  sweat  se^etion  per 
gland.  Different  sidn  rej^ons  have  different  sweating  responses  for  a  given  core 
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temperature  (91.133).  The  back  and  chest  have  the  greatest  sweating  rates,  while  the 
limbs  have  relatively  low  sweating  rates. 

The  sudomotor  sig^'m!  descends  through  the  brain  stem  and  spinal  trat^  to  e»t 
into  the  paravertebral  ganglionic  chakt.  The  post-gaitgPcnic  sym|»thetic  fibers  which 
kineivate  tha  sweat  glaiKf  are  nonmyelinated  class  C  fibers  that  are  primarily 
choFmergic.  The  sweat  glatuls  respond  to  thermal  stress  ptknariiy  through 
sympathetic  cholinergic  stimulation,  but  drcutating  catecholamines,  in  particular 
epinephrine,  may  faciTitate  tfrermoregulatory  svraatmg  as  there  are  a  and  p  adrenergic 
receptors  associated  with  eccrine  sweat  glands  (160,181,182).  The  retativa  effects  ori 
sweat  secretion  are  4:1:2  for  cholinergic,  a  adrenergic  and  p  adrenergic  receptor 
stsnulation,  respectively  (178).  In  addition,  sweat  gland  metabolism  is  primarily 
ojddative  phosphorylation  with  plasma  glucose  being  the  principal  substrate  (178). 

For  a  given  sudomcior  signal  to  the  sweat  giarxl,  local  skin  temperature  arKf 
stem  wettedness  influence  the  amount  of  sweat  secreted.  Bullard  st  al.,  (26)  were 
among  the  first  to  systematically  evaluate  the  retationshf}  between  local  skkt 
temperature  and  thermorcvuiatory  sweating.  They  found  that  in  actively  sweating 
skin,  raising  local  skin  temperature  induced  a  greater  svireating  rate.  These  results 
have  been  verified  and  extended  by  many  other  investigators  (56,130,143).  Nadel  et 
al.,  (130)  measured  local  sweating  rate  fmn  patches  of  skin  whose  temperature  they 
varied,  between  30  and  38°C,  independently  of  core  temoerature  and  whole-body 
mean  sidn  temperature.  They  condudsd  ti'^at  local  skin  temperature  affects  the 
sensitivity  of  tire  sweating  response  to  the  reflex  sudomotor  signal,  detemrined  by  core 
and  whole-^xxJy  mean  skin  temperatures. 

The  physiological  mechanism  by  whteh  elevated  local  skin  temperatures 
enhances  the  sweating  response  is  not  entirely  dear,  but  several  factors  may 
contribute.  Local  skin  heating  may  increase  the  amount  of  neurctransmitter  released 
by  each  sudomotor  nerve  impulse  arriving  at  the  sweat  ^and  (26,56,130,143).  The 
greater  neurotransmitter  release  would,  in  turn,  stimulate  greater  sweat  production  and 
release.  In  adrfition,  Ogawa  and  Asayama,  (143)  provided  evidence  that  local  heating 
increases  the  sweat  glands'  responsiveness  to  a  given  amount  of  neurotransmitter 
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substance.  It  is  unknown  if  this  increased  glandular  responsiveness  is  receptor* 
mediated  or  reflects  increased  cellular  metabonsm  within  the  secretmy  coil. 

As  mentioned  previously,  the  evaporation  rate  is  dependent  upon  the  water 
vapor  pressure  gradient  between  skin  and  the  emrironment.  and  on  the  evaporative 
heat  transfer  coefficient  The  drier  the  air,  or  the  waimer  and  wetter  the  skin,  the 
wider  the  gradient  and  thus  the  greater  the  rate  of  evaporation  for  a  given  evaporative 
heat  transfer  coefficient  The  evaporative  heat  transfer  coefficient,  in  turn,  depends  on 
air  movement,  and  thus  sweat  tends  to  collect  on  the  sk'n  in  stilt  or  moist  air.  Wetting 
the  skin  gradually  reduces  sweat  secretion  (79,135),  an  effect  called  hidromeiosis. 
Several  mechanisms  are  proposed  to  accotmt  for  hidromeiosis  (31,135,156).  Peiss  et 
at,  (156)  suggested  that  wetting  the  skin  might  cause  the  stratum  comeum  to  swell 
and  mechanically  obstnict  the  sweat  duct  A  systematic  test  of  this  idea  by  Brown 
and  Sargent  (25)  supported  the  concept  that  hydration  of  the  stratum  comeum  is 
responsible  for  hkkomeiosls. 

Heat  Loss  at>d  Skin  Blood  Plow 

Blood  flow  transfers  heat  by  convection  from  the  deep  body  tissues  to  the  skin. 
When  core  and  skin  temperatures  are  low  enough  that  sweatkig  does  not  occur, 
raising  skin  blood  flow  brings  skin  temperature  nearer  to  blood  temperature,  and 
lowering  skin  blood  flow  brings  skin  temperature  nearer  to  aml^ent  temperature. 

Thus,  the  body  can  control  dry  heat  loss  by  varying  skki  blood  flow,  and  thereby  skin 
temperature.  In  conditions  in  which  sweating  occurs,  the  tendency  of  skin  blood  ftow 
to  warm  the  skin  is  approximately  balanced  by  the  tendency  of  sweating  to  cool  the 
slOT.  Therefore  after  sweating  has  begw,  skin  blood  flow  serves  primarily  to  defnrer 
to  the  skin  the  heat  that  Is  be'ng  removed  by  sweat  evaporatioa  Sl^  blood  flow  and 
sweafmg  thus  work  in  tandem  to  dissipate  heat  under  such  conditions. 

Skin  circulation  is  affected  by  temperature  m  tviro  ways:  local  skin  temperature 
affects  the  vascular  smooth  muscle  direcUy,  and  temperatures  of  the  core  and  of  the 
skin  elsewhere  on  the  body  affect  skin  blood  flow  by  reflexes  operating  through  the 
sympathetic  nervous  system.  Blood  flow  in  much  cl  the  human  skin  is  under  a  dual 
vasomotor  control  (102,168.198).  In  the  hands,  feet,  lips,  ears,  and  nose,  adrenergic 
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vasoconstrictor  fibers  are  probably  the  predominant  vasomotor  innervation,  and  the 
va.r  'ilation  that  occurs  in  these  regions  during  heat  exposure  is  largely  the  result  of 
withuVawnig  vasoconstrictor  activity.  Over  most  of  the  skin  area,  however,  there  is 
relatively  little  vasoconstrictor  activity  under  conditions  of  thermal  comfort,  and 
vasodilation  durmg  heat  exposure  depends  on  intact  sympathetic  innervatioa  Since  it 
depends  on  the  action  of  neural  signals,  such  vasodilation  is  sometimes  referred  to  as 
active  vasodilation.  Both  active  vasoconstriction  and  active  vasodilation  play  a  major 
pan  in  controlling  skin  blood  flow  of  the  upper  arm.  forearm,  thigh,  and  calf  (18). 
However,  active  vasodilation  is  believed  to  be  primarily  responsSile  in  controlling  skin 
blood  flow  on  the  trunk  and  on  most  of  the  head  (19,66). 

The  vasoactive  agonist  responsible  for  active  cutaneous  vasodilation  in  man 
has  not  been  identified.  Rodd'ie  et  al.  (166)  proposed  that  acetylcholine  has  a  major 
role,  although  they  allowed  that  it  may  not  be  the  only  vasodilator  responsible  for 
active  cutaneous  vasodilation.  Such  a  role  for  acetylcholine  has  not  been  defmitivsiy 
tested,  but  his  received  relatively  little  attention  in  recent  years.  Other  investigators, 
because  of  the  Icng^own  association  between  the  occurrences  of  sweating  and 
active  cutaneous  vasodilation,  have  proposed  that  the  vasodilation  may  depend  in 
some  way  on  activation  of  the  sweat  glands  (69,120).  Fox  and  Hilton  (69)  proposed 
that  when  sweat  glands  are  stimulated  to  secrete  sweat  they  also  release  bradykkiin, 
a  powerful  vasodilator,  into  the  skin,  thus  causing  the  cutaneous  arterioles  to  dilate. 
Their  hypothesis  now  seems  unlikely,  and  R  nvell  (167)  has  summarized  the 
arguments  aga'mst  it.  However,  Brengelmann  and  colleagues  (23)  have  provided 
further  evidence  tor  some  sucti  fmk  between  sweating  and  cutaneous  vasodilation  by 
demonstrating  that  patients  with  congenital  absence  of  active  sweat  glands  do  not 
undergo  activa  vasodilation  during  heat  exposure. 

Recently,  vasoactive  intestinal  polypeptide  (ViP)  has  been  proposed  as  a 
candidate  for  the  fink  between  sweating  and  vasotfilation.  Lundberg  and  associates 
(121)  have  shown  that  VIP  and  acetyichofine  are  concomitantly  released  from  the 
same  post-gangfionic  faiers  innervating  exocrine  glands  of  the  cat.  Although  both 
transmitters  caused  exocrine  secretions,  the  VIP  primarily  acts  by  cfilation  of  local 
vasculature  to  facilitate  sweat  gland  function.  Ttierefore,  it  has  been  proposed  that  co- 
release  of  acetyichofine  and  VIP  at  the  human  sweat  gland  might  he^  explain  the 
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relationship  between  sweating  and  active  vasodilation  (108,121,232}.  Recently, 
Savage  and  colleagues  (183)  reported  that  men  with  cystic  fibrosis  show  essentially 
normal  active  vasodilation  in  response  to  increases  in  core  temperature.  They  also 
repotted  that  immunohistochemical  analyses  of  skvr  biopsies  from  these  sublets 
showed  that  VIP  innervation  was  sparse,  while  calcitonin  gene^lated  peptide  (CGRP) 
and  substance  P  v<%re  present  in  normal  amounts.  They  therefore  expressed  caution 
about  a  dominant  role  for  VIP  in  active  cutaneous  vasodilation,  and  proposed  that 
release  or  one  or  both  of  the  other  peptides.  CGRP  and  substance  P,  may  be  the 
mechanism  responsible  for  active  cutaneous  vasodilation. 

In  skin  regiorrs  where  skin  blood  flow  is  controlled  primarily  through 
vasoconstrictor  fibers,  the  effect  of  local  temperature  on  skin  blood  flow  depends 
largely  on  local  temperature’s  modifying  the  vasoconstrictor  response  to  nenre  signals 
or  directly  appfied  constrictor  agonist  (for  discusskm  see  Reference  «  24 1).  This 
effect  appears  to  be  mediated  through  changes  in  a-adrenergic  receptor  affinity  (97). 
However,  in  human  skin  regions  where  active  vasodilation  has  a  major  role  m 
controlling  blood  flow,  local  temperature  has  a  large  effect  on  skin  blood  flow  that 
seems  to  be  largely  independent  of  nea'ous  signals,  s'mee  it  is  unaffected  by  complete 
nerve  block  (244). 

In  the  fimbs  especially,  the  relation  between  core-to-skin  heat  transfer  and  skin 
blood  flow  can  be  modified  by  altering  the  caliber  of  the  s’jperfidal  veins.  Tlris  is 
possible  because  of  the  dual  venous  drakiage  of  the  fimbs,  which  consists  of  deep 
veins,  which  crdinanly  drain  blood  mainly  from  the  muscles;  and  superficial  veins, 
which  lie  in  the  skin  and  subcutaneous  tissue  and  ordinarily  dra'r.  blood  mainly  from 
the  skin.  However,  since  many  penetrating  veins  connect  the  deep  veins  with  the 
superficial  veins,  blood  from  anywhere  in  the  fimbs  can  poterrtially  return  to  the  heart 
through  either  deep  or  superficial  veins.  The  sympathetic  innervation  of  the  deep 
veins  is  rather  sparse,  but  the  superfical  veins  have  a  rich  sympathetic  innervation 
(237),  and  dilate  when  the  body  core  or  sldn  is  warmed,  and  constrict  when  the  core 
or  skin  is  cooled  (236,241).  Thus  in  a  cool  subject,  most  bicsd  from  the  limbs  returns 
to  the  core  wa  the  deep  v^is,  and  does  not  readily  exchange  heat  vrith  the 
environment,  so  that  heat  tends  to  be  conserved.  In  a  warm  subject,  by  contrast,  the 
superficial  veins  dilate,  allowir;g  large  amounts  of  venous  blood  to  return  to  the  core 
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along  patlis  close  to  the  skm  surface,  so  that  heat  exchange  with  the  skn  and  the 
environment  is  faciTitated.  In  addition,  dilation  of  the  smaller  superficial  veins  may 
further  improve  heat  transfer  by  increasing  the  time  that  the  blood  remains  in  the  sidn, 
as  suggested  by  evidence  that  the  de^ee  of  verrous  filling  affects  heat  transfer  to  the 
skin  (78).  Though  advantageous  for  thermoregulation,  peripheral  venodilation  in  the 
heat  adds  to  the  burden  on  cardiovascular  homeostasis,  as  discussed  in  the  next 
section. 

Cardiovascular  Supoort  for  Therm  ore  ouiatlon  and  Exercise 

As  noted  earlier,  skin  tempe.*ature  is  h^her  in  warmer  environments,  while  core 
temperature  is  relatively  urtaffected  by  environmental  temperature  over  a  wide  range. 
Thus  as  ambient  temperature  increases,  the  core-to-sidn  thermal  gradient  becomes 
narrower,  and  stem  bleed  flow  increases  in  response  to  the  high  .skin  temperature,  so 
as  to  achieve  core^o-skh  heat  transfer  sufficient  for  thermal  balance.  During 
exercise,  metabolic  rate  and  heat  production  may  be  ten  times  their  levels  at  rest,  arHl 
delivery  of  heat  to  the  skin  must  increase  proportionately,  in  order  to  re-estabtish 
thermal  balance.  Core  temperature  does  rise  during  exercise,  thus  widenmg  the  core- 
to-sidn  temperature  gradiem.  However,  tire  increase  in  the  core-to-skin  graefient  is  not 
proportionate  to  the  increase  in  heat  production,  so  that  only  by  an  accompanying 
increase  in  skin  blood  flow  does  core-to-skin  heat  trartsfer  increase  enough  to 
eventuaUy  match  the  increase  in  metabolic  heat  production,  and  allow  heat  balance  to 
be  reestablished.  Svree  the  core-to-skin  temperature  gradient  is  relatively  narrow  in 
hot  environments,  skin  blood  flow  must  be  rather  high  to  achieve  sufficierTt  heat 
tra.nsfar  to  maintain  thermal  balance  during  exercise  (168,198).  Actual  levels  of  skin 
blood  flow  attained  during  exerdse-hea*  stress,  though  not  precisely  krrown,  are 
probably  us  h'^  as  several  titers  per  minute  (168). 

During  exercise  in  the  heat,  the  primary  cardiovascular  challenge  is  to  provide 
simultaneously  enough  blood  tiow  to  exercising  skeletal  muscle  to  support  its 
metabotism,  and  enough  blood  flow  to  the  skin  to  dissipate  heat  High  sIdn  blood  flow 
often  is  associated  with  reduced  cardiac  fillmg  and  stroke  volume,  which  require  a 
higher  heart  rate  to  maintain  cardiac  ou^xit  (129,168,198).  This  reduction  in  cardiac 
filling  occurs  because  the  venous  bed  of  the  skin  is  large  and  compfiarti,  and  dilates 
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reflexively  during  heat  stress.  For  these  reasons,  the  venous  bed  of  the 
skin— espeoally  below  heart  level— tends  to  become  engorged  with  Wood,  at  the 
expense  of  central  bkxxt  volume,  as  skki  hiood  flow  increases,  in  adcStion,  swaat 
secr^ion  can  result  in  a  net  loss  of  body  water,  and  •herW>y  reduce  blood  volume 
(188,200).  Therefore,  heat  stress  can  mduce  cardiac  filling  both  through  pooling  of 
blood  in  the  sidn  and  through  reduced  blood  volume. 

Several  reflex  adjustments  compensate  for  peripheral  pooling  of  blood  and  for 
decreases  in  blood  volume  due  to  changes  fo  fluid  balance,  and  help  to  maintafo 
cardiac  output  and  arterial  pressure  (hiring  exercise-hsal  stress.  Splanchnic  and  renal 
blood  flows  are  reduced  during  exen^  in  proportion  to  relative  exercise  intend 
(168).  These  blood  flows  also  undergo  a  graded  and  progressive  reduction  in  sifojects 
heated  while  resting;  and  in  the  splanrdmic  bed,  at  least,  the  vasoconstrictor  effects  of 
temperature  and  of  exercise  appear  to  be  additive,  so  that  at  any  exerdse  intendty 
the  reduction  in  splancdtnic  blood  flow  is  greater  at  a  higher  skin  temperature  (168). 
Reductfon  of  renal  and  splanchnic  bkxxt  flow  aHows  a  corresporxting  diversicn  of 
carcfiac  output  to  skin  and  exercising  musde.  M(xeover,  seoxxiarily  to  the  reduction 
in  splanchnic  bleed  flow,  a  substantial  volume  of  bkxxt  can  be  mobilized  from  the 
compFiant  splanchnic  be<is  to  hefo  maintain  cardiac  fating  during  exercise  and  heat 
stress.  In  acMition.  there  may  be  an  increased  cardiac  contractility,  to  help  defend 
stroke  volume  in  the  face  of  impaired  carcSac  fating.  If  these  compensatory  responses 
are  insufTiciem,  skin  and  muscle  bkxxt  flow  win  be  compromised.  teaeSng  to  reduced 
exercise  performance  and  possBify  dar^rous  hyperthermia. 

HEATACCUMATiON 

Induction  arxl  Decay 


Repeated  heat  exposure  will  reduce  physiologicai  strain  and  impreve  exercise 
perfonnance  during  subsequent  heat  exposures* .  Exercise  in  the  heat  is  the  most 


*AccoriSns  lo  a  bequettUy-observeil  ccavendoo,  such  chmees  are  called  acclimatization  if 
they  are  observed  following  a  change  in  a  nataraDy-ocenning  envitortment.  and  acclimation  if 
they  are  produced  in  a  controlled  expcriaeaial  setting. 


effective  iTietiiod  for  develci^f!  heat  actuation;  however,  even  resting  in  the  heat 
results  in  some  acdknation,  though  to  a  lesser  degree  (15,534240).  The  fun 
development  of  exercise-heat  accKmaticn  need  not  invoivs  daily  24-h  exposure.  A 
continuous,  daily  100-min  period  of  exposure  appears  to  produce  an  opiimat  heat 
acclimation  re^xxtse  in  diy  heat  (1 18)^ 

The  effect  of  heat  acclimation  on  performance  can  be  quite  dramatic,  so  that 
accfimatizEd  sut^ects  can  easily  complete  exerts  ii;  the  heat  which  earlier  was 
difficutt  or  impossS>le.  Figiirs  8  depicts  the  improvement  in  exercise-heat  tolerance 
for  24  man  who  attempted  100  mki  of  treadml  exercise  at  49°C,  20%  relaUve 
humkfity,  for  seven  days.  This  figure  shows  that  no  subjects  completed  the  100-min 
wak  on  day  1;  however,  40%  were  successful  by  day  3, 80%  by  day  5,  and  all  but 
one  of  these  men  were  successful  by  the  seventh  accSmation  day  (155). 

(INSERT  RGURE  8  HERE] 

During  acclimation  through  daily  exercise  in  a  hot  environment  most  of  the 
improvemerrt  in  heart  rate,  skkt  and  com  temperatures,  and  sweat  rate  is  achieved 
during  the  first  week  of  exposure  althou^  there  is  no  sharp  end  to  the  improvemerrt 
(1).  Heart  rate  shows  the  most  rapid  reduction  (148,165,250),  most  of  which  occurs  in 
four  to  five  days  (148).  After  seven  days,  the  reduction  in  heart  rate  is  virtually 
complete  while  most  of  the  improvement  in  skin  and  core  temperatures  has  also 
occurred  (95,148,165).  The  thermoregulatory  accTimation  response  te  about  three 
quarters  developed  by  the  end  of  the  first  week  of  exposure,  aird  is  generally  thought 
to  be  complete  after  10-14  days  of  exposure  (155).  The  improved  sweating  response 
and  ease  of  waKng  reported  during  heat  aeration  may  take  longer  to  achieve 
(95,240). 

Heat  aedknation  istran^t  and  gradualy  (Ssappears  if  not  maintained 
repeated  heat  exposure.  It  is  befieved  that  the  heart  rate  improvement,  which 
develops  more  rapidly  during  accGmation,  is  also  lost  nwre  ra;^  tfmn  are  the  other 


^Altbou^  this  seems  to  be  true  for  dry  beat,  longer  daily  heat  exposons  may  be  needed  a> 
produce  optimal  acclimatioa  m  bomid  beat,  as  discussed  later. 
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improvements  in  thermoregulatory  responses  (118,148^46).  However,  there  is 
considerable  variabiTity  in  the  literature  concerning  the  rate  of  decay  for  heat 
acclimation  (240).  Lind  {1 17)  believed  that  heat  accTimation  might  be  retained  for  two 
weeks  after  the  last  heat  exposure,  but  then  be  rapidly  lost  during  the  next  two  weeks. 
However,  Williams  and  colleagues  (246)  report  some  loss  of  accTimation  in  sedentary 
individuais  after  one  week,  with  the  percentage  loss  being  greater  with  increasing  time; 
and,  by  three  weeks  losses  of  nearly  100%  for  heart  rate  and  50%  for  core 
temperature.  Other  authors  (178),  however,  report  greater  retention  of  the  accTanation 
benefits  in  physically  trained  and  aerobicafly  fit  persons.  Warm  weather  may  also 
favor  retention  of  accGmation  (53),  but  there  is  some  confficting  evidence  on  this  issue 
(246). 

UnderfvfnQ  Mechanisms 

The  three  classical  signs  of  heat  accGmetion  are  lower  heart  rate  and  core 
temperature,  and  higher  sweat  rate  during  exercise-heat  stress.  Skin  temperature  is 
tower  after  heat  accTimation  than  before,  and  thus  dry  heat  loss  is  less  (or,  if  the 
enwronment  is  warmer  than  the  skin,  dry  heat  gain  is  greater).  Figure  9  illustrates  the 
effects  on  three  healthy  young  men,  acclimated  by  daily  trearknill  walks  in  the  heat  for 
10  days  (54).  To  compensate  for  the  changes  in  dry  heat  exchange,  there  must  be  an 
increase  in  evaporative  heat  loss,  in  order  to  achieve  heat  balance.  As  noted  earTier. 
changes  in  sweating  develop  more  slowly  than  those  in  heart  rate  and  rectal 
temperature,  so  that  changes  in  s-weating  probably  cannot  account  completely  for  the 
other  changes. 


(INSERT  RGURE  9  HERE) 

After  acclimation,  sweating  starts  eariier  and  at  a  lower  core  temperature,  Le., 
the  core  temperature  threshold  for  sweating  is  decreased.  The  sweating  response  to 
local  application  of  a  standard  dose  of  metfsacholine,  a  synthetic  choTnergic  agonist, 
increases  (37,111)  and  a  given  elevation  in  core  temperature  elicits  a  higher  sweat 
rate.  The  sweat  glands  also  become  resistant  to  hkfromeiosis  and  *fatigue*  (36,67)  so 
that  higher  sweat  rates  can  be  sustained.  These  changes  reduce  the  levels  of  core 
and  skin  temperatures  reached  during  a  given  exercise-heat  stress,  increase  the 
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sweat  rate,  and  prolong  tolerance  time,  in  addition,  the  threshold  for  cutaneous 
vasodilation  is  reduced  so  that  heat  transfer  from  core  to  skbi  is  maintained.  The 
concomftant  reduction  in  thresholds  for  txith  sweating  and  cutaneous  vasodilation  is 
evidence  that  heat  acclimation  is  an  exa.tif^e  of  a  set-point  change. 

On  the  first  day  of  exerdse  in  the  heat,  heart  rate  reaches  much  higher  levels 
than  in  temperate  conditions,  and  stroke  volume  is  lower.  Thereafter,  heart  rate 
begins  to  decrease  and,  usuaBy,  stroke  volume  starts  to  increase  as  early  as  the 
second  day  of  heat  accGmation  (e.g..  Reference  «  250).  These  changes  are  rapid  at 
first,  but  continue  more  slowly  for  about  a  week.  The  time  course  of  the  decrease  in 
heart  rate  is  roughly  similar  to  that  of  the  increase  in  plasma  volume,  and  the  two 
changes  are  significantly  correlated  (204),  though  the  manmum  decrease  in  hea.d  rate 
appears  to  precede  the  maximum  increase  in  plasma  volume  (Figure  10). 

ONSERT  FIGURE  10  HERE) 

Perhaps  it  is  an  oversimplification  to  expect  a  single  explanation  to  account  for 
the  heart  rate  reduction  during  exercise  in  the  heat  after  heat  acclimation.  There  may 
be  several  mechanisms  that  participate,  and  their  relative  contributions  may  vary,  both 
over  the  course  of  the  heat  accfimation  program  and  also  among  subjects.  Three 
explanations  have  been  proposed  for  the  decrease  in  heart  rate  during  heat 
acclimation. 

One  explanation  is  the  decrease  in  heart  rate  results  from  a  plasma  volume 
expansion.  The  plasma  volume  expansion  at  rest  during  the  first  week  of  acclimation 
probably  contrixites  somewhat  in  reducing  heart  rate  and  circulatory  strain;  however, 
plasma  volume  at  rest  returns  toward  control  levels  after  one  to  two  weeks  of 
accfimation  (14,206).  A  second  explanation  is  the  decrease  in  heart  rate  results  from 
an  increased  venous  tone,  since  venoconstrictioo  can  mobilize  up  to  25%  of  the  blood 
volume  (14).  Wood  and  Bass  (247),  however,  found  a  significant  reducticn  in  forearm 
venous  volume  only  on  the  third  and  fburdi  days  of  heat  acclimaticn,  well  alter  much 
of  the  reduction  in  heart  rate  had  already  occurred.  Thus,  although  per^rhetal 
venomotor  adjustments  may  play  a  transificnal  role  in  heat  acclimation,  there  is  no 
evidence  of  their  making  a  persistent  contribution  early 'm  the  acclimation  program.  It 
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is  possbie,  however,  that  other  (non-cutaneous)  venous  beds  participate  in  the 
«rcu!ato(y  changes  that  occur  with  accOmatioa  but  this  matter  has  not  been 
investigated.  A  third  explanation  is  the  decrease  in  heart  rate  is  secondary  to  the  fan 
in  core  and  skin  temperatures  with  heat  accGmation  (173).  Since  heart  rate  at  a  given 
core  temperature  is  the  same  or  higher  after  acclimation  than  before  (67,68),  lower 
body  temperatures  are  a  necessary  concfiUon  for  lower  heart  rate  with  a  given 
exercise-heat  stress  after  accHmation.  However,  besides  towering  core  and  skin 
tmperatures  during  etmmise-heat  stress,  accGmation  lowers  the  core  temperature 
thresholds  for  vasodilation  and  venodilation,  so  that  tovrer  core  and  skin  temperatures 
by  themselves  are  n<^  a  sufficient  explanation  for  lower  heart  rate  after  accGmaUoa  A 
final  resenration  with  respect  to  this  exportation  is  that  exercise  heart  rate  usuaOy 
decreases  more  rapidly  than  exercise  core  temperature  over  the  course  of  heat 
accGmation  (249). 

The  effects  of  heat  accGmation  on  stroke  vohnne  responses  to  exercise-heat 
stress  are  not  dear-cuL  For  example,  two  studies  (173,250)  report  increased  stroke 
volume  with  Gttle  change  in  cardiac  output  as  heart  rate  fell;  another  study  (248) 
reports  a  decrease  in  cardiac  output,  associated  with  a  decrease  in  ‘surface  blood 
flow*  (estimated  calorimetrically)  as  heart  rate  feG.  and  Gttle  change  in  stroke  volume; 
still  another  study  (252)  reports  a  mixed  pattern,  with  two  subjects  showirrg  a  steady 
increase  in  stroke  volume,  one  a  transient  irrcraase,  reversing  after  the  dxth  day,  arxl 
one  showing  no  increase.  The  reason  for  these  differences  is  not  clear.  RoweBetaL 
(173)  describe  dry  heat  accGmation,  and  Wyndham  (248)  and  Wyndham  and 
colleagues  (250,252)  all  descrbe  humid  heat  accGmation. 

Heat  acclimatization  increases  tdal  body  water,  but  the  division  of  die  total 
increase  between  intraceGuiar  fkikf  and  extracellular  fluid  is  quite  variable  (see 
Reference  *  240,  for  a  discussion).  Much  of  the  increase  is  accounted  for  by  an 
expansion  of  resting  plasma  volume  (14,204,206);  however.  Young  and  cofleagues 
(256),  recently  have  demonstrated  that  an  expanded  plasma  volume  is  not  always 
present  after  repeated  exertise-heat  exposure.  The  mechanism(s)  responsble  for  this 
hypenrolemia  are  unclear,  but  may  indude  an  increase  in  extracellular  fluid  mediated 
by  retention  of  crystalloids  (primarily  sodium  chloride)  and  perhaps  an  increase  in 
plasma  volume  selectively  mediated  by  die  oncotic  effect  of  intravascular  protdn  (64). 
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Heat  acclimated  persons  also  exhibit  a  more  stable  plasma  volume  and  more 
consistent  intravascular  fluid  response  to  exercise^at  stress  than  do  persons  who 
are  not  heat  acclimated  (185).  The  increase  in  total  body  water  can  be  explained  in 
part  by  increased  aldosterone  secretion  arxl/or  renal  sensithrity  to  a  given  plasma 
concentratioa  Francesconi  and  colleagues  (70)  have  shown  that  exerdse-heat 
exposure  markedly  increased  plasma  aldosterone  concentration  which  was 
subsequently  abated  by  heat  accfimation.  Heat-acdimation  effr s  on  other 
hormones  that  affect  fluid  conservation,  such  as  vasopressin  and  atrial  natriuretic 
factor,  have  not  been  reported. 

An  unaccfimatized  person  may  secrete  sweat  with  a  sodium  concentration  of  60 
rneq-L'*  or  higher*  and  therefore,  if  svreating  profusely,  can  lose  targe  amoimts  of 
sodium.  With  accfimatizatioa  the  sweat  glands  become  able  to  cottsetve  sodium  by 
secreting  sweat  with  a  sorfium  concentration  as  lew  as  5  meq-L  '  (164).  ngure  11 
shows  the  effects  of  heat  aceflmation  on  sweat  sodium  concentration  over  a  range  of 
sweating  rates  (1).  This  satt*conserving  effect  of  aerriination  depends  on  the  adrenal 
cortex,  and  aldosterone,  which  is  secreted  in  response  to  exercise  and  heat  exposure 
as  well  as  to  sodium  depletion,  appears  to  be  necessary  for  its  occurrence  (see 
Reference  •  240  for  a  discussion).  However.  H  is  not  dear  that  aldosterone  (together 
with  other  endogenous  steroids  with  a  mineialocotticoid  action)  is  solely  responsfole 
for  causing  the  sweat  glands  to  conserve  salt;  an  alternative  explanation  is  that  other 
factors  assodated  with  accGmarion  have  a  contributory  role,  but  are  effective  only  in 
the  presence  of  aldosterone.  Based  on  comparisons  of  sweat  sodium  content  and 
plasma  aldosterone  concentration  ove.  the  course  of  acdfeiation,  Kirby  and 
Convertino  (105)  proposed  that  acclimation  increases  sweat  gland  responsiveness  to 
aldosterone.  The  interpretation  of  such  changes  is  complicated,  however,  by  the 
rather  slow  response  of  the  sweat  glands  to  aldosterone  (34,35)  with  the  result  that 
the  effect  of  aUosterons  on  the  sweat  glands  is  cumulative,  and  not  due  solely  to  its 
present  concerttration.  The  consenratian  of  salt  also  helps  to  maintain  the  number  of 


*nds  Is  near  the  upper  limit  of  sodom  coocentrations  osoally  observed  In  sweat  firom 
normally  aerated  slrin.  aIthoa|b  sobstantially  higher  concentratioos  have  been  reported  in  sweat 
collected  fiora  skin  areas  endosed  in  impermeable  barriers  (164) 
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ostnoies  in  Itie  extracellular  fluid,  and  d)us  to  maintain  extraceHular  fluid  vohima  at  the 
expense  of  bitraceilular  fluid,  as  a  subject  becomes  dehydrated  (185). 

(INSERT  FIGURE  11  HERE) 


Dfv  vs.  Hunud  Heat 

Although  heat  accfimation  in  a  dry  environment  confers  a  substantial  advantage 
in  humid  heat  (15,53),  the  physiological  and  biophysical  differences  between  dry  and 
humid  heat  lead  one  to  expect  that  humid  heat  acclimation  vrould  produce  somewhat 
different  physiological  adaptafions  from  dry  heat  accSmation.  Though  the  pertinent 
Rterature  is  rather  meager,  there  is  evidence  to  support  this  expecUtiion. 

Fox  et  aL,  (64)  compared  the  effects  of  acclimation  to  dry  and  to  humid  heat  on 
the  inhixtion  of  sweating.  They  acclimated  resting  subjects  with  controHed 
hyperthermia,  maintaining  core  temperature  near  38.2^  for  2  hours  a  day  for  12 
days,  using  dry  heat  for  one  group  and  moist  heat  for  the  other  group.  To  coBect 
sweat,  both  groups  had  their  left  arms  in  plastic  bags,  which  created  a  warm,  humid 
microclimate.  After  acclimation,  both  groups  showed  simaar  decreases  in  heart  rtf  e 
and  core  and  skin  temperatures,  with  simSar  increases  in  sweating  during  an  exercise* 
heat  test  In  a  two-hour  controlled  hypettirermia  test  whBe  they  rested  in  very  humid 
heat  both  groups  had  about  the  same  whoie-body  sweat  rates.  The  arms  that  were 
exposed  to  humid  heat  during  acclimation  had— compared  to  pre-ecclimation 
responses— similar  and  large  increases  in  their  sweat  production  during  this  test  and 
sweat  rates  of  these  arms  declined  more  slowly  during  the  test  During  the  same  test 
the  right  arms  of  the  *dry*  group,  which  had  not  experienced  humid  heat  during 
acdimation.  also  had  a  higher  inkial  sweat  rate  than  before  accSmaticn,  but  thereafter 
their  sweat  rate  declined  as  fost  as  before  acdimation.  so  that  their  total  sweat 
secretion  during  the  test  was  substantiafly  less  than  that  either  of  the  contralateral 
arms  or  of  the  arms  of  the  'hurnkf  jpoup.  Thus  mr>st  of  the  improvement  in  the  abiGty 
to  maintain  high  sweat  rates  in  high  humidity  after  accfimation  was  apparently  owed  to 
a  (fiminution  of  hidromeiose. 
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Strydom  and  Wiinams  (223)  tested  stA>iects*  responses  to  4  h  of  exercise  in  a 
humid  environment  both  before  and  after  a  program  of  physical  training,  and 
compared  their  responses  to  those  of  another  group  of  subjects  who  were  well 
acclimated  to  humid  heat  During  the  first  hour  of  exerdse,  subjects  in  the  training 
group  showed  better  heat  tolerance  after  training  than  before,  and  their  responses 
after  training  approached  those  of  the  welt-acclimated  group.  During  the  second  hour 
of  exercise,  however,  their  heart  rates  and  rectal  temperatures  increased  more  than 
those  resporrses  for  the  wen-accGmated  sut^ects,  attd  by  the  end  of  the  second  hour 
their  re^xxises  after  training  had  come  to  appear  more  Ike  their  responses  before 
training,  and  less  ike  the  responses  of  the  well  acclimated  subjects.  Except  durir^ 
the  first  hour  of  the  exercise-heat  exposure,  the  physically  trained  subjects  sweated 
considerably  less  than  the  weO  acclimated  subjects  (223).  Therefore,  the  probable 
reason  for  the  greater  physiological  strain  that  the  physically  trained  subjects 
experienced  in  the  second  hour  and  beyond  was  their  inabiTity  to  secrete  and 
evaporate  sweat  at  a  rata  sufficient  to  achieve  thermal  balance. 

To  achieve  a  high  evaporative  cooing  rate  in  a  humid  environment,  it  is 
necessary  to  overcome  the  high  ambient  water  vapor  pressure  by  mainta'ning  either  a 
higher  va-w  pressure  at  Bie  den  (which  requires  a  higher  skin  temperature)  or  a 
larger  wetted  ddn  area,  as  compa.'ed  to  what  would  be  necessary  kt  a  dry 
environment  Unless  core  temperature  is  allowed  to  rise  along  with  skin  temperatures, 
the  higher  skn  temperature  must  be  achieved  by  increas'ng  core-fo-sl^  thermal 
conductance,  which  requires  a  higher  skin  blood  flow.  Therefore,  one  expected 
difference  between  accTmation  to  humid  heat  and  acclimation  to  dry  heat  is  for  the 
former  to  involve  greater  circulatory  adaptations,  to  support  higher  skh  blood  flow  with 
minimal  circulatoty  strain.  Unfortunately,  the  differences  in  drculatory  adaptations  to 
humid  versus  dry  heat  acefimation  have  not  been  investigated. 

Another  difference  that  might  bo  expected  between  aedimation  to  humid  heat 
and  dry  heat  is  for  the  former  to  enable  more  efficient  use  of  the  skin  as  an 
evaporating  surface.  In  humid  heat,  a  greater  portion  of  the  sweat  production  is  on 
the  Hmbs  after  acefimation  than  before  (65,94,1 12.21 1).  We  are  not  aware  of  any 
reports  of  changes  in  the  regional  distrt>i^on  of  sweating  after  acefimation  to  dry  heat 
Before  acefimation,  mean  sweating  intensity  G-e.,  sweat  rate  per  unit  area)  is  much 
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lower  on  Pmbs  than  on  the  trunk,  so  acdimation  tends  to  make  the  sweating  intensity 
more  uniform  over  the  skin  surface.  This  is  an  advantage  in  humid  heat  because  it 
increases  the  wet  body  surface  area,  arrd  therefore  sweat  evaporation  rate,  and 
probably  reduces  ttie  extent  to  which  sweating  in  some  regions  is  in  excess  of  the  rate 
it  can  be  evaporated 

BIOMEDICAL  FACTORS  MODIFYING  EXERCtSE>HEAT  PERFORMANCE 
Aerobic  Fitness 


An  improvement  in  aerobic  fitness  achieved  through  endurance  training  in  a 
temperate  environrrient  reduces  the  physioiogical  strain  and  increases  tolerance  to 
exercise  in  the  heat  (74,75,76,134,159,160),  and  erxfurance-trained  incfivlduals 
exercising  in  the  heat  exhibit  many  of  the  characteristics  of  heat>acclimated  individuals 
(see  Figure  9)  (76,148,159,160,213).  In  addtion,  high  aerobic  fitness  facilitates 
acquisition  of  heat  acclimation  (148). 

Several  authors  suggest  that  high  maximal  aembic  power  is  related  to  improved 
exr>cise4ieat  tolerance  (213)  or  a  rapid  rate  of  heat  accGmation  (148).  These  two 
groups  of  investigators  utilized  different  hot  cTimates  (wet  or  dry)  and  independently 
reported  that  an  indviduars  Vcynax  accounts  for  appronmately  44%  of  the  variabiTity 
in  core  temperature  after  3  h  of  exercise  in  the  heat,  or  the  number  of  days  of  heat 
acclimat'ion  required  to  achie^'a  a  steady  state  in  fmal  core  temperature  as  illustrated 
in  Figure  12.  However,  endurance  trailing  alone  does  not  totally  replace  the  benefits 
of  heat  acdination  produced  by  a  program  of  exercise  ir  the  heat  (4,145,224).  Some 
investigators  (9,89)  have  proposed  that  in  order  for  erxiurance  training  to  inprove 
thermoregulatory  responses  during  exercise  in  the  heat,  the  training  sessions  must  be 
associated  nwith  substantial  elevations  of  core  temperature  and  sweating  rate.  Henane 
and  colleagues  (89)  compared  thermoregulatory  responses  of  six  dders  CifO!/nax=66.5 
ml  kg'’-min  ’)  neith  those  of  four  swinmers  (^p,max  =  65.8  ml-kg  ’-min  ’),  found  that 
skiers  nwere  more  heat  tolerant  and  better  acdinatized  than  swinmers,  and  attributed 
the  difference  to  a  smaller  increase  in  the  swimmers’  core  temperature  produced  by 
trailing  ii  cold  water.  In  support  of  this  interpretation,  Avdtini  et  aL  (9)  found  that  four 
nweeks  of  training  by  cycle  exercise  in  20°C  water  increased  Vp^ax  by  about  15%, 
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but  did  not  improve  thermoregulation  during  exercdse^at  stress.  Thus  hi^  aen:^ 
fitness  is  not  always  assodated  with  improved  heat  tolerance. 

(INSERT  FIGURE  12  HERE) 

To  achieve  oprimal  thermoregulatory  results  from  endurance  training  in 
temperate  environments,  either  strenuous  intenral  training  or  continuous  training  at  an 
intensity  greater  than  S0%  Vcynax  should  be  employed  (74,89,134,145,161).  Lesser 
training  intensities  produce  questionable  effects  on  performance  during  exercise-heat 
stress  (212).  The  endurance  tra'ning  must  last  at  least  one  week  (134,161,214),  and 
some  authors  (74,89)  show  that  the  best  improvements  require  8-12  weeks  of  training. 

Dehydration 

Generally,  loss  of  body  water  impairs  aerobic  exercise  performance  in  the  heat 
(195);  the  warmer  the  environment  the  greater  the  adverse  effect  of  dehydratioa 
Furthermore,  the  thermoregulatory  advantages  conferred  by  high  aerobic  fitness  and 
heat  acdimation  are  negated  by  dehydration  (27,30,197).  In  comparisun  to 
euhydration.  a  water  deficit  of  as  fittle  as  1%  of  body  weight  krcreases  cote 
temperature  during  exercise  in  both  comfortable  and  hot  environments  (55);  the 
greater  the  water  deficit,  the  greater  is  the  elevation  of  core  temperature  during 
exerdse  (128,200).  Dehydration  impairs  both  dry  and  evaporative  heat  loss  (or.  if  the 
air  is  warmer  than  the  skin,  dehydration  aggravates  dry  heat  gain)  (186,195).  In 
addition,  dehydration  causes  exhaustion  from  heat  strain  to  occur  at  lower  core 
temperatures  during  exercise-heat  stress  (201). 

'Dehydration  may  be  associated  wriffi  either  reduced  or  unchanged  swearing 
rates  at  a  given  metaboTic  rate  in  the  heat  However,  even  when  dehydration  is 
associated  with  no  change  in  swearing  rate,  core  temperature  is  usually  elevated,  so 
that  sweating  rate  for  a  given  core  temperature  during  dehydration  stiB  is  iower  (195). 
The  physiological  mechanisms  mediating  the  reduced  sweating  rate  during 
hypohydration  are  not  dearly  defined,  but  both  the  seperate  and  combined  effects  of 
plasma  hyperosmdality  (63,202)  and  hypovolemia  (62,191)  have  been  suggested  to 
play  a  part  (see  Reference  *  186  for  discussion). 
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Dehydration  also  affects  cardiovascular  responses  to  exercise^ieat  stress. 
During  submaximai  exercise  with  moderate  to  severe  tne>7nal  strain  (126.131,193), 
dehydration  by  3%-4%  of  body  weight  increases  heart  rate  and  decreases  stroke 
volume  and  cardiac  output  relative  to  euhydration.  Dehydration  also  reduces 
cutaneous  blood  flow  for  a  given  core  temperature  (61,63,131,230),  and  therefore  the 
potential  for  dry  heat  exchange.  L&ewise,  hyperosmotality,  in  the  absence  of 
hypovolomia,  can  also  reduce  the  cutaneous  bloud  flow  re^xxise  during  exerdse^eat 
stress  (61). 

Orcadian  Patterns  and  Sleep  Loss 

Tone  of  day  affects  thermoregulatory  set  point  Core  temperature  at  rest  varies 
with  time  of  day  in  a  s'muso'idal  fashion,  with  the  minimum  at  night,  and  the  maidnum, 
which  is  0.5  to  l'^)  higher,  occurring  ot  the  late  afternoon  or  evening.  This  pattern 
coincides  with  patterns  of  activity  and  eat'mg,  but  does  not  depend  on  them.  This 
pattern  is  an  example  of  a  drcadian  rhvthm.  Le.,  a  rhythmic  pattern  in  a  physiological 
function  with  a  period  of  about  one  day.  Skice  the  drcadian  rhythm  in  core 
temperature  results  from  a  simitar  drcadian  rhythm  in  the  thermoregulatory  set  point,  it 
is  accompanied  by  corresponding  changes  in  the  thresholds  for  all  the 
thermoregulato7  responses  that  have  been  studied  (220)  as  Figure  13  shows  for 
sweating  and  neurogenic  vasodilatioa  At  the  time  when  core  temperature  at  rest  is  at 
its  minimum,  the  sensitivity  of  the  forearm  vasodiiator  response  to  changes  in  core 
temperature  (i.e.,  the  slope  of  the  forearm  blood  flow/core  temperature  relationship 
during  ieg  exercise)  is  also  at  Hs  minimum  (216,218).  These  changes  are  consistent 
with  the  observation  that  exercise  at  a  given  intensity  produces  a  greater  core¬ 
temperature  change  when  care  temperature  at  rest  is  at  its  minimum  (218). 

(INSERT  RGURE  13  HERE) 

Sleep  depnvat'ion  disrupts  the  drcadian  rhythm,  and  deiays  the  time  of 
minimum  core  temperature  at  rest  The  slope  of  the  forearm  blood  flow/cora 
temperature  relation  is  reduced,  and  this  reduction  in  slope  seems  not  to  be  affected 
by  phase  of  the  drcadian  cycle.  Recently,  two  studies  demonstrated  that  sleep  loss 
decreases  the  thermosensitivity  of  both  sweating  and  peripheral  blood  flow,  with  no 
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evidence  for  a  change  in  core  temperature  threshold  during  exerdse  (109,190).  in 
addition,  sleep  deprivation  Is  reported  to  negate  the  effects  of  heat  accHmation 
(13.122). 

SMn  Dfsordera 

Certain  skin  disorders  will  impair  the  ability  to  diss^te  body  heat  and  cause 
increased  thermal  strain  (146).  Both  heat  rash  and  sunburn  may  have  profound 
thermoregulatory  effects,  and  their  adverse  effects  on  exerdse^ieat  tolerance  deserve 
the  same  attention  as  tack  of  heat  accfimation,  low  aerobic  fitness,  dehydration,  and 
heavy  clothing. 

Artificially  induced  miliaria  rubra  (heat  rash)  over  as  little  as  20%  of  the  body 
surface  causes  an  observable  reduction  in  exercise-heat  tolerance  (153);  involvement 
of  40%  or  more  of  the  body  surface  markedly  reduces  tolerance  time  during  exercise 
in  the  heat  (49°C,  20%  rh),  and  causes  greater  heat  storage  compared  to  responses 
in  a  non-rash  state  (152).  These  effects  were  observed  both  7  and  14  days  after  a 
72>h  miliaria-induction  period  (152),  and  may  persist  for  up  to  three  weeks  after  the 
heat  rash  has  resolved  clinically  (153).  The  relation  of  the  degree  of  heat  intolerance 
to  the  total  area  of  skin  affected  by  hast  rash  appears  to  depend  on  the  specific  region 
of  the  body  and  ttiat  region’s  normal  sweating  responses;  smaller  rashed  areas  cl  the 
trunk,  because  of  the  greater  sweating  capacity  of  normal  trunk  skin,  may  affect 
responses  to  dry-heat  stress  as  much  as  larger  rashed  areas  of  the  limbs.  These 
investigators  suggest  that  the  absence  of  observable  sweating  in  the  rashed  areas 
results  from  a  physical  occlusion  of  the  affected  sweat  glands  by  keratotic  plugs.  Had 
the  humidity  of  the  test  environment  been  higher,  it  is  possible  that  the  restritant 
impairment  in  thermoregulation  and  heat  tolerance  after  heat  rash  would  have  been 
even  more  dramatic  (152). 

MOd  artifleial  sunburn,  induced  with  twice  the  minimal  erythemal  dose  (MED)  of 
ultraviolet  fight,  impairs  sweat  gland  activity  during  exercise  in  the  heat  (49%,  20%  rh) 
(150).  Both  the  local  sweating  sensitivity  and  steady-state  swrating  rate  from  the 
burned  areas  are  reduced  24  h  post-sunburn  compared  to  pre-sunbum  values,  but 
return  to  normal  within  one  week.  Mild  sunburn  thus  appears  to  have  a  locaRy- 
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mediated  effect  cn  both  the  responsiveness  of  the  sweat  gland  and  its  capacity  to 
deliver  sweat  to  the  skin  surface.  These  investigators  suggest  that  this  effect  results 
from  damage  to  the  cuboidal  epithelial  cells  composing  the  sweat  duct,  which  blocks 
the  egress  of  sweat  from  the  affected  duct  More  severe  levels  of  aitificiallyHnduced 
sunburn  such  as  three  or  four  MEOs  may  have  more  profound  thermoregulatory 
consequences  during  exerdse-heat  exposure.  In  addition,  artifidallyHrKluced  sunburn 
also  results  in  impaired  ability  to  vasoconstrict  during  cold-water  immersion  nv=22°C), 
resuKing  in  greater  heat  loss  (151).  These  adverse  thermoregulatory  effects  in  the 
cold  were  still  present  one  week  after  sunburn  when  the  associated  erythema  had 
disappeared. 

Medfcations 


Many  drugs  inhibit  sweating  (most  obviously  those  used  for  their  antichofinergic 
effects),  such  as  atropine  and  sccpoiamine.  Since  the  military  had  fielded  atropine 
citrato  to  protect  personnel  from  nerve  gas  poisoning,  considerable  research  has  been 
performed  on  its  thermoregulatory  effects  during  exercise-heat  stress  (108).  In 
addition,  several  dmgs  used  for  other  puriKtses,  such  as  glutethimide  (a  sleep 
medicine),  IrrcycTic  antidepressants,  phencthiazines  (tranquilizers  and  antipsychotic 
drugs),  and  atitihistamkres,  also  have  some  anticholinergk;  action,  and  all  of  these, 
plits  a  number  of  others  (32),  have  been  assodated  vMi  heat  stroke.  It  is  likely  that 
many  such  drugs,  whether  or  not  they  possess  an  anticholinergic  action,  also  alter 
thermoregulation  through  their  effects  on  neurotransmissioa  A  spedfic  example  that 
has  particular  impodance  to  the  defense  community  is  the  anticholinesterase  drug 
pyridostigmine,  used  as  a  predreatment  against  nerve  gas  posoning,  which,  in 
addition  to  increasng  sweating,  mhatits  cutaneous  vasodiiatk>n  during  exerdse-heat 
stress  (217).  The  medianism  by  which  pyridostigmitre  inhibits  cutaneous  vasodilation 
is  net  known,  althou^  a  drect  action  on  the  central  nervous  system  is  unlikely,  since 
pyridostigmine  contains  a  quaternary  ammertium  group  and  thus  does  not  readily 
cross  the  *b!ood-btain  barrier*.  However,  it  is  hard  to  recondte  this  effect  tm  skin 
bleed  flow  with  the  nation  that  active  cutaneous  vasorSlation  is  mediated  by  cholinergic 
sympathetic  faiers  (168). 

SPECIFIC  POPULATIONS 
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Women 


Core  temperature  changes  in  a  cyclical  fashion  according  to  the  phase  of  the 
menstrual  cycle  (216^19).  Core  temperature  is  at  its  lowest  point  just  before 
ovulation,  and  over  the  next  few  days  nses  0.4  to  0.6°C  to  a  plateau  which  persists 
throughout  the  L'teal  phase.  The  variation  in  core  temperature  during  the  course  of 
the  menstrual  cycle  results  from  a  similar  variation  in  the  thermoregulatoiy  set  point 
and  thus  is  accompanied  by  corresporxiing  changes  in  the  thresholds  for  sJI  the 
thermoregulatory  responses  (92).  During  the  fofficular  phase,  thresholds  for  women’s 
thermoregulatory  responses  are  similar  to  those  of  men  fo  the  same  condition  of 
physical  training  and  heat  accGmation,  and,  if  suitable  adjustments  ate  made  for  these 
factors  and  anthropometric  factors,  so  are  the  sensitivities  of  these  responsst  to 
changes  in  core  temperature  (216,219).  Thera  is  some  evidence  that  sensitivities  of 
the  thermoregulatory  responses  to  changes  in  core  temperature  differ  between  the 
foUicular  a.nd  luteal  phases,  but  other  studies  show  no  tfifference  between  phases 
(216,219).  In  addition,  estrogen  replacemem  therapy  can  reduce  thermoregulatory 
strafo  h  middle-aged  women  during  exerts  in  the  heat  (228). 

it  was  once  believed  that  women  were  less  tolerant  to  heat  strain  than  men; 
however,  it  now  seems  that  studies  on  which  that  belief  was  based  compared 
relatively  unfit  women  to  more  fit  men  (216,219).  Thermoregulatory  responses  to  heat 
exposure  at  rest  appear  to  be  similar  for  bofo  genders  (42).  Recent  research 
demonstrated  that  if  male  and  female  populations  are  matched  for  aerobic  fitness  (or 
relative  exercise  intensity),  they  have  similar  tolerance  and  body-temperature 
responses  to  exercise  in  dry  and  humid  heat  (8.10,72,73,207),  heat  acdination  (8.9) 
and  dehydration  (197). 

Blaeirs 


In  a  study  of  American  soldiers,  black  soldiers  had  slightly  lower  heart  rates, 
rectal  temperatures,  and  sweating  rates  than  white  soldiers  during  marches  in  hot 
hum'xf  weather  (11).  These  differences  between  black  and  white  soldiers  seemed 
unrelated  to  where  the  soldiers  had  Eved  before,  since  southern  white  soldiers  were  no 
more  heat  tolerant  than  northerners.  The  diffarences  disappeared  in  hot  dry  weather. 


35 


if  the  sckfiers  marched  in  the  shade  or  were  fully  clothed,  so  as  to  efiminate 
differences  in  absorption  of  solar  radiahon  by  the  skin. 

In  a  study  of  Mississ^  sharecroppers  in  summer,  white  sharecroppers  had 
slightly  higher  final  rectal  and  sidn  temperatures,  and  heart  rales  than  black 
sharecroppers  after  a  two^Kxir  treadmill  wak  in  humid  heat  (163).  The  differences 
were  partly  due  to  a  higher  metaboSc  rate  for  the  whites,  both  absolutely  and  in 
relation  to  body  weight  The  whites  also  sweated  more,  both  absolutely  (by  14%)  and 
in  relation  to  their  heat  (fiss^palion.  ^ice  the  blacks  had  mean  sidn  temperatures 
0.54°C  lower  than  the  whites,  (fifferences  in  dry  heat  exchange  are  in  the  wroTig 
direrrtion  to  explain  differences  in  sweating.  Thus  the  blacks  aivarently  used  their 
sweat  more  efficientiy.  evaporating  mere  of  their  sweat  to  obtain  cooling  and  wastkrg 
less  by  dr^tping. 

Some  of  the  above  differences  between  black  arxl  white  Americans  find 
parallels  in  data  reported  from  Africa.  At  high  wet  bul>  temperatures,  acclimated 
African  laborers  svreated  much  less,  and  had  sTightly  lower  heart  rates  than  reported 
for  aedknated  Europeans  at  similar  heal  ^ross  levels  (2S1).  In  another  study, 
unaccTimaled  whites  were  less  heat-tolerant  (as  indicated  by  symptoms  of  heat  strain) 
than  unaccisnated  Barrtu  during  four-hour  exercise  in  humid  heal,  and  had  higher 
rectal  temperatures  even  though  they  sweated  significantly  more  (253).  The  whites 
also  had  a  greater  metaboCc  rate  during  a  given  exercise  ta^  After  aceftnatioo, 
differences  in  heat  tolerar.ee  and  rectal  temperature  disappeared,  and  rfiffeiences  in 
metaboHc  rats  were  less,  but  persisted.  However,  after  the  first  hour  the  whites  stDI 
sweated  more,  and  the  differerree  in  sweat  rate  increased  with  time. 

Fully  aedimated  Europeans  and  Nigerians  have  skn^r  redal  temperatures  and 
sweat  rates  early  during  exertise  imder  severe  conditions,  but  the  Nigerians  can 
continue  longer  and  are  less  Gkely  to  coSapse  (113).  The  sweat  of  Nigerians  fully 
acclimated  to  htanid  heat  is  more  ^ute  than  that  of  skniiariy  acefamated  Europeans. 
During  exerdse  in  humid  heat,  sweat  rale  of  aceSmated  Nigerians  (114)  or  Bantu 
(253)  decreases  more  quiddy  than  that  of  Europeans  (114).  Furthermore,  Europeans 
fiving  in  Nigeria  but  not  fuliy  aceSmated,  tirermoregulate  as  weC  as  dmaa.rty  aedimated 
Nigerians  during  moderate  heat  stress.  However,  in  .more  severe  heat  stress,  they  do 
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not  thennoregulate  as  weD.  even  thou^  they  sweat  more  than  their  Nigerian 
counterparts. 

In  summary,  sturfes  corxJucted  both  in  Africa  eiyf  in  the  United  States  indicate 
that  in  hot  humid  conditions  blacks  use  their  swaat  more  efficientiy  for  evaporative 
cooling,  and  thus  waste  less  sweat  than  whites;  experietKe  less  circulatoiy  str^,  and 
have  slightly  lower  metabolic  rates  than  whites  during  similar  exercise  tasks.  In 
interpreting  these  studies,  howevar,  it  should  be  remembered  that  the  subject 
populations  were  not  mat^ted  for  factors  such  as  aerobic  fitness. 

ChHdren  and  Older  Adutte 

Children  and  Adojeecenta.  Children  and  adolescents  generally  have  a 
greater  surface  area-to^ass  ratio,  which  should  result  in  faster  absorption  of  heat  in 
hot  emrironments  where  the  ambient  temperature  exceeds  skin  temperature  or  there  is 
a  h'^  racfiart  heat  load  (12).  ChHdren  also  display  a  higher  metaboSc  rate  for  a  given 
work  rate,  arxl  a  sCghtly  lower  cardiac  output  for  a  given  metabolic  rate  when 
compared  to  adolescents  or  adults  (12).  In  addition,  prepubertal  children  have  a  lower 
sweating  rate  during  exerdse-4)eat  exposure  than  post-pubertal  chadren  and  young 
adults.  These  physical  and  physiological  characteristics  of  chadren  arxl  adolescents 
coukf  have  impficahcns  for  their  abOity  to  thermoregulate. 

The  anthropometnc  and  physiological  dHferencss  between  chadren  and  young 
adults  suggest  that  the  transition  h  thermoregulatory  effectiveness  may  occur  during 
pifoerty.  Fak  and  coffoagues^,  however,  (£d  not  show  these  expectea 
thermcregufotory  differences  between  pre-,  mkf-.  and  laterxibertal  boys  during 
exerdse  in  dry  heat  Their  finrfings  further  indicate  the  change  from  chadGke  to 
aduaSre  thermoregulation  during  exercise  in  the  heat  may  happen  at  a  later 
deveiopmerTtar  stage,  but  net  during  puberty.  Several  investigators  report  sknHar 
thermoregulaticn  arid  heat  tclera.'ice  for  chadren  and  adults  (44,47,52),  while  other 
invest^ators  report  impafrea  thermoregulation  and  haat  tolerance  in  chBcken 
(52,84,234).  Bar-Or  (12)  cond>id6s  that  many  of  these  r&crepandes  may  be  ascribed 
to  difforeni  de^ees  of  acufo  heat  stress. 
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in  temperate  environments,  children  appear  to  theimoregulate  as  effectively  as 
young  adults  although  children  rely  more  on  dry  heat  loss  rather  than  evaporative  heat 
loss  mechanisms  (44,52).  In  warm  environments  where  ambient  temperature  is  not 
greater  than  5>7°C  above  skin  temperature  and  the  relative  humidity  is  not  high,  the 
thermoregulatory  responses  of  children  and  young  adults  are  also  simitar  during  acute- 
heat  stress  (47,52,84).  However,  h  very  hot  environments  where  ambient 
temperature  is  more  than  1(7C  higher  than  skin  temperature  Cte.,  greater  than  •45°C), 
children  compared  to  young  adults  (fisplay  a  lower  heat  tolerance,  with  elevated  body 
temperatures  arxi  a  lower  sweating  rate  during  acute-heat  stress  (52,84,234).  Bar-Or 
(12)  suggests  that  the  higher  surface  area-to-mass  ratios,  lower  sweating  rates,  and 
less  effective  cardiovascular  adjustments  in  children  during  exercise  in  the  heat 
contribute  to  their  impaLrad  thermoregulatkxi  in  very  hot  environments. 

Prepubertal  and  oostpubertal  boys  display  the  abiTity  to  accfimate  during 
repeated  exerdse-heat  exposure  through  a  decreased  heart  rate  and  rectal 
temperature,  increased  sweating  rate,  arxl  improved  exercise4ieat  toierance  (234). 
However,  the  rate  and  degree  of  heat  accflmation  achieved  is  not  as  great  for  the  pre¬ 
pubertal  boys  when  I3(ened  to  the  postpubertal  boys  and  young  men.  Even  younger 
boys  (8-10  yr)  show  the  ability  to  acclimate  to  exercise  in  the  heat,  but  again  they  take 
longer  than  young  men  to  adtieve  complete  heat  accfimation  (96). 

Adults.  The  exerdse-heat  tolerance  for  middie-aged  men  and  women  was 
reported  to  be  less  than  for  younger  adults  (50,234).  It  is  undear  from  these  reports 
whether  this  intolerance  was  the  result  of  age  perse  or  associated  with  other  factors 
such  as  poor  health,  decreased  physical  activity  anrVor  low  aerobic  fitness.  In 
contrast,  the  exerdse4>eat  toierance  of  habituaRy-active  mkkle-aged  men  (162)  or 
aerobically-trained  middle-aged  men  (149)  was  equivalent  or  better  than  that  for 
comparable  groups  of  younger  mea  These  two  studies  emphasized  the  importance 
of  a  habituaHy-active  Fifestyle  or  high  aerobic  fitness  and  pertinent  anthropometric 
factors  such  as  body  fat,  body  weight  and  surface  area  (Ag)  in  maintaining  eirardse  - 
heat  toler»)C8  with  aging. 

For  the  general  population  of  middle-aged  men  and  women,  physiological  heat 
strain  during  exerdse  was  somewhat  greater  than  that  observed  for  younger  adults. 
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particularly  in  tiia  heat  (50,86.87,88,1 19^10.234).  The  greater  physiological  heat 
strain  for  these  middle-aged  compared  to  younger  persons  was  associated  with  higher 
core  and  mean  skin  temperatures,  heart  rate  and  skin  bkx>d  flow,  as  wen  as  lower 
total  body  sweat  losses  and/or  altered  local  sweating  responses.  While  resting  or 
performing  interm'ittetrt  exercise-rest  cycles  durirtg  an  acute  heat  exposure  (49,51),  tht. 
physiological  heat  strain  seemed  not  to  differ  as  greatly  between  middle-aged  and 
younger  men  or  women  as  during  continuous  exertise  in  the  heat  (50,234).  The  heat 
exposure  length  appeared  to  influence  the  differences  in  heat  strain  between  adult  age 
groups,  as  prolonged  exposures  resulted  in  accentuated  heat  strain  for  these  middle- 
aged  individuals  (86,88).  More  dramatic  differences  in  heat  strain  between  age 
groups  were  observed  at  higher  levels  of  environmental  heat  stress  such  as  those 
exceetfing  the  prescriptive  zone  (50,1 19).  When  training  state  or  aerobic  fitness  and 
selected  pertinent  anthropometric  factors  were  not  matched  between  age  groups,  the 
obsenred  heat  stra'n  differences  between  groups  were  accentuated. 

When  middle-aged  and  younger  men  and  women  were  matched  for  aerobic 
fitness  and  anthropometric  factors  (such  as  Aq.  Ao-to-wei^t  ratio  and/or  percent  body 
fat),  the  heat  strain  between  age  groups  was  generally  the  same  or  less  for  middle- 
aged  than  younger  persons  durng  acute  exercise-heat  stress  (2.102,149).  Recently. 
Taititersley  and  colleagues  (229)  reported  no  significant  differences  in 
thermoregulatinn  between  younger  and  middle-aged  or  more  elderly  men  who  were 
matched  for  aerobic  fitness,  body  wei^  percent  body  fat  and  Ao-to-wei^  ratio  while 
performing  exeirise  in  a  warm  environment.  These  cfoservations  seemed  to  be  vaSd 
for  both  genders  through  the  fifth,  sixth  and  seventh  decatfes  of  life,  and  to  apply  to 
botii  desert  and  warm-humid  concfitions. 

'  Clearly,  middle-aged  men  or  women  can  accfimate  to  exentise  in  the  heat; 
however,  questions  remain  regarding  the  rate  and/or  degree  of  acciimation  achieved 
by  middle-aged  compared  to  younger  persons  (147).  Two  studies  reported  that 
middle-aged  men  acctimated  to  heat,  in  terns  of  theimoreguiatory  responses,  at  the 
same  rate  and  to  the  sa.me  degree  as  yoimger  aged  men  (149,162).  Both  of  these 
studies  evaluated  either  habitually-active  or  aerobicaBy-tralned  mkkte-aged  men.  Two 
otiier  stucEes  reported  that  middle-aged  men  or  women  also  acclimated  to  exerdse- 
heat  stress  (2.234);  but  the  degree  of  heat  acclimation  was  not  as  great  for  the 
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middle-aged  a$  younger  petsons.  Experimental  design  limitations  in  the  study  by 
Wagner  and  colleagues  (234)  created  some  difficulties  in  comparing  accftnaSon 
responses  between  age  groups. 

While  these  reported  discrepancies  can  not  be  resolved  presently,  it  seems 
plausible  that  middle-aged  and  younger  women  respond  more  adversely  to  a  dry-heat 
chaOenge  than  middle-aged  and  younger  moi  (207).  During  dry-heat  expr^res 
(49°C,  20%  rh;  54°C,  10%  rh)  or  desert  waks  (40-44°C),  thermoregulatory  advantages 
are  cbsenred  for  men  compared  to  women  (149.257).  H  is  Hcely  that  these  gender- 
re^ed  rfiffererrces  could  help  explain  some  of  the  discrepancies  among  dtese  reports, 
and  possMy  that  middle-aged  women  are  at  an  even  greater  thermoregulatory 
disadvantags  while  performing  physical  work  in  dry  heat 

Solnal  Cord  Injured 

Spinal  cord  injury  (SCI)  impsurs  a  person’s  ability  to  thermoregulate  (194).  The 
magnitude  of  impairment  is  related  to  the  level  and  completeness  of  the  lesion;  the 
higher  and  more  complete  the  SCI.  the  neater  the  thermoregulatory  impairment 
Normell  (142)  has  defined  the  areas  with  loss  of  cutaneous  vasomotor  artti  sweating 
function  for  a  given  lesion  level  The  consequence  of  the  loss  of  sympathetic  cotrtrol 
of  heat  loss  (via  vasomotor  and  sudomotor  adjustments)  over  large  areas  of  skin  is  a 
higher  core  temperature  during  rest  (6)  and  exercise  (59.94)  in  the  heat 

Investigators  have  performed  detailed  analyses  of  SCI  subjects’ 
thermoregulatory  sweating  and  cutaneous  blood  flow  respotrses  to  passive  heat 
exposure  (71.227).  During  heat  exposure,  some  sweating  can  occur  over  the 
insensate  skin  but  is  sparse  and  not  synchronous  with  sensate  skin  sweating.  SCI 
individuals  have  reduced  local  sweating  responses  k>r  a  given  cote  temperature  during 
passive  heat  exposure  (227).  Similar  to  the  sweating  response,  cutaneous  (foreann) 
blood  flow  is  lower  for  SCi  individuals  (compared  to  able-bodied)  for  a  given  core 
temperature  during  passive  heat  exposure  (71).  Freund  and  colleagues  (71)  found 
that  when  insensate  skin  was  heated,  there  was  no  increase  in  forearm  blood  flow 
(FBF);  but  the  heaSng  of  sensate  skin  increased  F6F  by  a  relatively  smal  amount 
These  inveshgators  suggested  that  isrriation  of  thermoreceptors  in  areas  past  the 
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lesion  for  SCI  might  result  in  reduced  afferent  input  to  the  hypothalamic 
thermoregutetory  centers,  resulting  in  reduced  effector  drive  for  sweating  atxl 
cutaneous  vasodSation. 
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ATTN:  HSMC-FM  Bldg  2840 
Fort  Sam  Houston,  TX  76236 
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1  Cof^to: 


Joint  Chiefs  of  Staff 

MecScal  Plans  and  Operations  Division 

Deputy  Director  for  Medica]  Readiness 

ATTN:  RAD  Smyth 

Pentagoa  Washington,  DC  20310 

HQDA 

Office  of  the  Surgeon  General 
Preventive  Medicine  Consultant 
ATTN;  SGPS-PSP 
5109  Lee^rg  Pice 
Fa>te  Church,  VA  22041-3258 

HQDA 

Assistant  Secretary  of  the  Army  for  Research.  Development  and  Accpjisition 

ATTN:  SARD-TM 

Pentagon,  Washington,  DC  20310 

HQDA 

Office  of  the  Surgeon  General 
ATTN:  DASG-2A 
5109  Leesburg  Pike 
Rtlls  Church,  VA  22041-3258 

HQDA 

Office  of  the  Surgeon  Genera! 

As^stant  Surgeon  General 
ATTN:  DASG-RDZ/Executive  Assistant 
Room  3E368,  The  Pentagon 
Washington,  DC  20310-2300 
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HCX)A 

Office  of  the  Surgeon  General 
ATTN:  DASG-MS 
5109  Leesburg  PSce 
Fails  Church,  VA  22041-3258 

Dean 

School  of  Medidrxi 

Unifcnned  Service:  Ifniversity  of  the  Health  Sciences 
4301  Jones  Bridge  Road 
Bethesda.  MD  20614-4799 

Department  of  Militaiy  and  Emergency  Medicine 
Uniformed  University  of  Health  Sciences 
4301  Jones  Bridge  Road 
Bethesda.  MO  20614-4799 

Stimson  Library 

Army  Medica!  Department  Center  &  School 

ATTN:  Chief  Ubranan 

Bkfg  2840,  Room  106 

Fort  Sam  Houston,  TX  78234-6100 

Commandant 

Army  Medical  Department  Center  &  School 
ATTN:  Director  of  Ccmbat  Development 
■  Fort  Sam  Houstors,  TX  78234-6100 

Commander 

U.S.  Army  Aerometfical  Researdi  Laboratory 

ATTN:  SGRD4jAX-Si 

Fort  Rucicer.  AL  36362-5292 
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Commander 

U.S.  Army  Medical  Research  Institute  of  Chemical  Defense 
ATTN:  SGRD4iVZ 

Aberdeen  Proving  Ground,  MD  21010-5425 
Commander 

U.S.  Army  Medical  Material  Development  Activity 
ATTN:  SGRD-UMZ 
Fort  Detrick 

Frederick,  MD  21702-5009 
Commander 

U.S.  Army  Irtstitute  of  Surgical  Research 

ATTN:  SGRD-US2 

Fort  Sam  Houston,  7X  78234-5012 

Commander 

U.S.  Army  Medical  Research  InstKute  of  Infectious  Diseases 

ATTN:  SGRD4JIZ-A 

Fort  Detrick.  MD  21702-5011 

Director 

Walter  Reed  Army  Insditute  of  Research 

ATTN;  SGRD-UWZ-C  (Directs  for  Research  Management) 

Washington,  DC  20307-5100 

Commander 

U.S.  Army  Natick  Research,  Development  &  Engineering  Center 
ATTN:  SATNC-Z 
Natick,  MA  01760-5000 
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Commander 

U.S.  Anny  Natick  Research,  Development  &  En^neering  Center 
ATTN:  SATNC-T 
Natick,  MA  01760-5002 

Commander 

U.S.  Army  Natick  Research,  Development  &  Engineering  Center 
ATTN:  SATNCJi^lL 
Natick.  MA  01760-5040 

Commander 

U.S.  Army  Research  institute  for  Behavioral  Stiences 
5001  Eisenhovrer  Avenue 
Alexandria,  VA  22333-5600 

Commander 

U.S.  Army  Training  and  Doctrine  Command 
OfTice  of  the  Surgeon 
ATTN:  ATMD 

Fort  Munroe,  VA  23651-5000 
Commander 

U.S.  Army  Environmental  Hygiene  Agency 
Aberdeen  Proving  Ground,  MD  21010-5422 

Diremor,  Biological  Sciences  Divi^on 
Office  of  Naval  Research  •  Code  141 
800  N.  Quincy  Street 
Arlington,  VA  22217 

Commanding  Officef 

Naval  Medical  Research  &  Development  Command 
NNMC/Bkfgl 

Bethesda,  MD  20689-5044 
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Commanding  Officer 

U.S.  Navy  Clothing  &  Textile  Research  Facility 

P.O.Box  59 

Natick,  MA  0176(MX)01 

Commanding  Officer 

Navy  Environmental  Health  Center 

2510  Wabner  Avenue 
Norfolk,  VA  23513-2617 

CommarKfing  Officer 

Naval  Aerospace  Medical  Institute  (Code  32) 
Naval  Air  Station 
Pensacola,  FL  32506-5600 

Commanding  Officer 

Naval  Medical  Research  Institute 

Bethesda,  MO  20689 

Commanding  Officer 
Naval  Health  Research  Center 
P.O.  Box  85122 
San  Diego,  CA  92138-9174 

Commander 

Armstrong  Medical  Research  LaPoratory 
Wright-Patterson  Air  Force  Base.  OH  45433 

Strughold  Aeromedical  Utxary 
Document  Services  Section 

2511  Kennedy  Circle 
Brooks  AFB,  IX  78235-5122 
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CcxntTAViet 

US  Air  force  SdKXrf  eJ  Aerospace  Medicine 
BiodfS  Ail  Force  Base,  7X  78235-5000 


Director 

HiBTian  Research  &  Engineerir>Q 
US  Army  Research  Laboratory 
i^rdeen  Prowg  Groimd,  MD  21005*5001 
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METABOUC 


< 


JLIVM 


XMBJENT  TEMPERATURE  (’C) 


EFFECTIVE  TEMPERATURE  (*0) 


iaJi  awnivta^Mai  stfoo  livos-Aavsis 


TOTAL  METABOLIC 
RATE  {WATT) 


%  ANAEROBIC 


MARCH  TIME  (MINUTES) 


MEAN  SKJN  RECTAL  HEART  RATE 

TEMPERATURE  ('C)  TEMPERATURE  ('C)  (beats  mJn"*) 


ATEAU  RECTAL  TEMPERATURE  IN  HEAT  *C 


PLATEAU  DAY  *14.49 -0.165  VO?  mox 


SUPPLEMENTARY 


I 


OEPAfmJENT  OF  THE  ARMY 

0  S  ARMY  M£0:CAL  RcSEARCH  AND  DEVELOPMENT  COMMAND 
FORT  DETRICK.  FREDERICK.  UO  21702-5012 


3GRD-RMI-S  '70-9a) 


ir<i« 


MEMORANDUM  FOP.  ADMINISTRATOR.  DEFENSE  TECKNICAI.  INFORMATION 
CENTER.-  ATTN:  DTIC-OCC/DEIOP-ES  CAMPBELL, 
CAME.RON  STATION,  ALEXANDRIA,  VA  22304-6145 

SUBJECT:  Erratum  to  Technical  Report,  "Human  Responses  to 
Exercise-Heat  Stress* 


1.  A  te-.hnical  error  has  been  discovered,  on  pages  <  and  4  in  r.be 
subject  printed  technical  report. 

2.  Request  the  enclosed  erratum  sheets  be  substituted  in  DTIC 
ADA272581  to  correct  Che  original  technical  previously  forwarded 
to  the  Defense  Techjiical  Iriformaticn  Center. 

3.  Point  of  contact  fox  this  action  is  Mrs.  Judy  Pawlus, 

DSN  343-7322. 


LTC,  MS 

Deputy  Chisf  of  Staff  for 
Information  .Management 


INTRODUCTION 


En.firon„'ieni3i  heat  stress  in;K>ases  the  requirements  tor  sweating  and 
circuiatory  resoonses  to  dissipate  body  heat,  when  the  ei'vircnmeni  is  warmer  than 
the  it  also  causes  the  body  to  gain  heat  from  the  environment,  and  dius 
increase;  the  amount  ot  heat  that  the  body  must  dissipate.  In  addition,  muscular 
eretase  mcreas&s  metabolu.  rate  above  resting  levels,  and  thus  a  so  increases  the 
rate  at  w+i-cn  heat  must  be  cf-ss  pated  to  the  environment  to  keep  core  temperature 
•rom  rising  to  dangerous  levels.  Environmental  heat  stress  and  muscular  exercise 
thereto'e  interact  synergistcally.  and  may  pusn  physiclogsa'  systems  to  their  limits 
This  teenr.  cal  report  provides  an  ovea'<ew  o'  the  nomnal  physiotogical  resoonses  to 
er.viror..menta.  and  exercise-related  heal  stress,  wsh  emphasis  placed  on  acute  neat 
exposj.e  aitd  acclimatKjn  produced  by  repeated  exposure  to  heat  stress.  More 
complete  reviews  of  some  material  covered  tn  this  technical  report  can  be  found  in 
othc'  recent  reviews  (4.129.168, 193.1S?.193.219,240.254). 

HEAT  STRESS 

Hjmai-s  are  lrop.cat  animals,  and  it  ts  phmarii>  through  cultural  and  beiiaviorai 
means  that  they  have  adapted  to  me  in  temperate  and  cold  environments 
(6C.l23.i37j.  This  generalizatiOii  is  based  on  the  following  evidence,  (a)  humans  rely 
primarily  ci-  physioiog.ca!  thermoregulation  n  the  heat,  but  primarily  on  behavioral 
tf.ermoreguiatiori  js  the  coid  \b)  the  thermoneuuai  ambient  temperature  for  nude 
hitmans  and  the  tempe'aiure  necessary  for  undisturbed  sleep  are  relatively  high 
1-27  C).  and  ^c)  humans  demonstrate  substantial  heal  acclimatization,  but  only 

Hot  climates  are  present  over  large  areas  of  the  earth  and  are  tolerated  well  by 
humans  Figure  1  iS  a  gWial  map  of  Wet  Bulb  Globe  Temperature  (VVBGT)’  dunng 
July,  the  hottest  month  m  the  northern  hemisphere  '^J'^uring  July  much  of  North  ^ 
A.meric3.  South  A.merica,  Europe  and  Asia  have  WBGT  values  above  29=0  (85'F). 


'A  BGT  IS  n  ci’inf  uicd  index  o!  envwonmenisi  heal  stress.  Outdoors  WBUT  =  0  7  wet  hulh 
♦  I  3  olavk  globe  +  0.1  dry  bulb,  indoors  WBGT  =  0.7  wet  bulb  +  O.J  black  globe 
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